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LOOK  WHO'S  TALKING 


Experts  all  over  the  world!  When  Sensor- 
Medics,  the  worldwide  market  leader  in 
measurement  technology,  introduced  a  new 
advance  in  pulmonary  function  testing,  even  we 
didn't  anticipate  the  response  it  would  generate 
from  leading  experts  in  pulmonary  medicine. 


The  Problem 

Existing  technology  was  limited  in  gas  analysis 
technology  encumbered  by  large  volume  sample 
collection  apparatus  and  difficult  to  disassemble 
for  cleaning. 


Building  Excellence  Into  Medical  Instrumentation 

The  Model  2200  is  the  latest  in  a  long  line  of  healthcare 
innovations  from  SensorMedics  and  is  one  reason  why 
we  are  recognized  as  the  leader  in  Pulmonary  Function 
and  Metabolic  Measurement  instrumentation.  This  dedi- 
cation has  helped  create  a  sophisticated  line  of  medical 
instrumentation  that  meets  or  exceeds  all  federal,  state  and 
professional  guidelines.  Through  our  partnerships  with 
medical  professionals  throughout  the  world  we  continue  to 
develop  and  refine  technologies  that  improve  and  enhance 
the  quality  of  medical  care. 


The  Solution 

The  Model2200  Pulmonary  Function  Analyzer  with 
the  Fast  Response  Multi-gas  Analyzer,  a  system  dead  space  vol- 
ume from  the  patient's  mouth  to  sample  site  of  only  15  milli- 
liters and  a  removeable  patient  circuit  you  can  hold  in  your  hand. 


i       m^L 


For  published  evaluations  and  information  on  the 
Model '2200 'or other SensorMedics  products  contact  us  at 
1-800-231-2466,  ext.  8501  or  fax  to  1-714-283-8439. 
In  Europe,  call  (31)  30  289711  or  fax  to  (31)  30  286244. 


SensoRMeDics 


Circle  113  on  reader  service  card 


The  Cardiopulmonary  Care  Company " 


New       ^n 
Treatments 

fl  Asthma 


by  Roger  Bone,  MD 


1 1  npt 


This  videotape  discusses  physician-directed  adult  patient 
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approach  and  the  complications  of  mechanical 
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"Our  doctors  told  us  that 
staying  active  and  using 
oxygen  24  hours  a  day 
would  keen  us  healthier 


and  help  us  live  longer. " 


SCOOP.. 

transtracheal  oxygen  is 
the  best  way  to  put  these 
conclusions  of  the  NOTT1 
study  into  clinical  practice. 


All  SCOOP®  patients  in  this  photograph  meet  NOTT1  criteria  for  continuous  oxygen. 
SCOOP R  products  and  program  are  backed  by  years  of  research. 
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1  Nocturnal  Oxygen  Therapy  Trial  Group.  Continuous  or  nocturnal  oxygen  in 
hypoxemic  chronic  obstructive  lung  disease:  a  clinical  trial.  Ann  Intern  Med. 
1980;93:391-8. 
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We  just  made  advanced  capnography 
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With  the  ULTRA  CAP"'  monitor, 
mainstream  capnography  and  pulse 
oximetry  are  as  simple  as  connecting  the 
sensors  and  pushing  a  button. 

Miniaturized 

mainstream 

technology 

Advanced  design 
makes  the  infrared 
mainstream  sensor 
small,  lightweight, 
easy  to  use. 

Fast  warm  up. 

Almost  immediate  warm  up  to  full  speci- 
fications (typically,  about  45  seconds). 


No  calibration  required. 
Makes  it  very  easy  to  use.  Saves  time,  too. 

Excellent  moisture-handling 
capability 

Reliable  performance,  even  in  the 
presence  of  significant  moisture,  patient 
contaminants  and  nebulized  medications. 

Simplify  your  life  with  the  ULTRA  CAP 
monitor.  It  does  its  job  so  you  can  do  yours. 

For  more  information  about  the 
ULTRA  CAP  monitor,  see  your  Nellcor 
representative  or  call  1-800-NELLCOR. 

Internationally,  call  our  European  office 
in  the  Netherlands  at  +31.73.426565  or  our 
Asia/Pacific  office  at  +852.529.0363. 


Circle  103  on  reader  service  card 


NELLCOR 


MANUSCRIPT  SUBMISSION 

Instructions  for  Authors  and  Typists  is  printed 
near  the  end  of  Respiratory  Care  on  a  quarterly 
basis  (Jan,  Apr,  July,  Nov). 

PHOTOCOPYING  &  QUOTATION 

PHOTOCOPYING.  Any  material  in  this  journal 
that  is  copyrighted  by  Daedalus  Enterprises,  Inc 
may  be  photocopied  for  noncommericial  pur- 
poses of  scientific  or  educational  advancement. 

QUOTATION.  Anyone  may,  without  permis- 
sion, quote  up  to  500  words  of  material  in  this 
journal  that  is  copyrighted  by  Daedalus  En- 
terprises Inc,  provided  the  quotation  is  for  non- 
commercial use,  and  provided  Respiratory  Care 
is  credited.  Longer  quotation  requires  written  ap- 
proval by  the  author  and  publisher. 

SUBSCRIPTIONS/CHANGES  OF 
ADDRESS 

Respiratory  Care 
11030  Abies  Lane 
Dallas  TX  75229-4593 
(214)243-2272 

SUBSCRIPTIONS.  Individual  subscription  rates 
are  $50.00  per  year  (12  issues)  in  the  U.S.  and 
Puerto  Rico,  $70.00  per  year  in  all  other  coun- 
tries; $95.00  for  2  years  in  the  U.S.  and  Puerto 
Rico,  $135.00  in  all  other  countries;  and  $140 
for  3  years  in  the  U.S.  and  Puerto  Rico,  $200.00 
in  all  other  countries  (add  $84.00  per  year  for  air 
mail).  Annual  organizational  subscriptions  are 
offered  to  members  of  associations  according  to 
their  membership  enrollment  as  follows:  101- 
500  members— $5.00,  501-1,500  members— 
$4.50,  1,501-2,500  members— $4.25,  2,501- 
5,000  members— $4.00,  5,001-10,000  mem- 
bers—$3.00,  and  over  10,000  members— $2.50. 
Single  copies,  when  available,  cost  $5.00;  add 
$7.00  air  mail  postage  to  overseas  countries. 

CHANGE  OF  ADDRESS.  Six  weeks  notice  is 
required  to  effect  a  change  of  address.  Note  your 
subscription  number  (from  the  mailing  label) 
your  name,  and  both  old  and  new  address,  in- 
cluding zip  codes.  Please  note  your  subscription 
number  on  the  envelope.  Copies  will  not  be  re- 
placed without  charge  unless  request  is  received 
within  60  days  of  the  mailing  in  the  U.S.  or  with- 
in 90  days  in  other  countries. 

MARKETING  DIRECTOR 

Dale  Griffiths 
ADVERTISING  ASSISTANT 

Beth  Binkley 

ADVERTISING.  Display  advertising  should  be 
arranged  with  the  advertising  representatives. 
Respiratory  Care  does  not  publish  a  classified 
advertising  column. 

PRODUCT  ADVERTISING: 
RATES  &  MEDIA  KITS 

Aries  Advertising  Representatives 
4  Orchard  Hill  Road 
Marlboro  NJ  07746 
(908)946-1224 
fax  (908)  946-1229 

RECRUITMENT  ADVERTISING: 

Valley  Forge  Press 

1288  Valley  Forge  Rd,  Suite  50 

Valley  Forge  PA  19481 

(800)  220-4979  •  (215)  935-3301 

fax  (215) 935-8208 


CONTENTS, 


January  1993 
Volume  38,  Number  1 


BOOKS,  FILMS,  TAPES,  &  SOFTWARE  REVIEWS 

145  Preparing  the  Patient  and  Family  for  Ventilator  Care  at  Home:  A  Team  Ap- 

proach, produced  by  Fairview  Audio-Visuals,  Gloria  Asher  RN  MSN  ex- 
ecutive producer 
reviewed  by  Susan  L  Mclnturff— Concord,  California 


145 


146 


Respiratory  Care  Principles:  A  Programmed  Guide  to  Entry  Level  Practice, 
3rd  edition,  by  Thomas  A  Barnes  EdD  RRT  in  consultation  with  Jan  Karel 
Schreuder  MD  and  Jacob  S  Israel  MD 
reviewed  b\  David  J  Honey — Cleveland,  Ohio 


Foundations  of  Respiratory  Care,  edited  by  David  J  Pierson  MD  and  Robert  M 

Kacmarek  PhD  RRT 

reviewed  by  Robert  R  Fluck  Jr  and  Joseph  G  Sorbello — Syracuse,  New  York 

ABSTRACTS 

6         Summaries  of  Pertinent  Articles  from  Other  Journals 

CALENDAR  OF  EVENTS 

149  Meeting  Dates.  Locations,  Themes 

CALL  FOR  ABSTRACTS 

150  1993  Call  for  Open  Forum  Abstracts 

INDEXES 

152         Authors  in  This  Issue 
152         Advertisers  in  This  Issue 
17         Advertiser  Help  Lines 


RESPIRATORY  CARE  •  JANUARY  '93  Vol  38  No  1 


Abstracts 


Summaries  of  Pertinent  Articles  in  Other  Journals 


Editorials,  Reports,  and  Reviews  To  Note 

Bacterial  Infection  in  Chronic  Obstructive  Pulmonary  Disease  (state- 
of-the-art-review) — TF  Murphy,  S  Sethi.  Am  Rev  Respir  Dis  1992;  146: 
1067. 

The  Increasing  Problem  of  Asthma  in  the  United  States  (editorial) — 
PJ  Gergen,  KB  Weiss.  Am  Rev  Respir  Dis  1992;  146: 1823. 

An  RSVP  to  RSV  (Respiratory  Syncytial  Virus):  Declining  Mortality 
Rates  (editorial)— MM  Pollack.  Crit  Care  Med  1992;20(10):1375.  (Per- 
tains to  Moler  et  al  paper  abstracted  on  Page  20.) 


Reduced  Fertility  among  Women 
Employed  as  Dental  Assistants  Ex- 
posed to  High  Levels  of  Nitrous 
Oxide— AS  Rowland,  DD  Baird,  CR 
Weinberg,  DL  Shore,  CM  Shy,  AJ 
Wilcox.  N  Engl  J  Med  1992;327: 
993. 

BACKGROUND:  Fertility  is  re- 
duced in  female  rats  exposed  to  lev- 
els of  nitrous  oxide  similar  to  those 
found  in  some  dental  offices.  Epi- 
demiologic studies  have  suggested 
an  association  between  exposure  to 
mixed  anesthetic  gases  and  impaired 
fertility.  We  investigated  the  effects 
of  occupational  exposure  to  nitrous 
oxide  on  the  fertility  of  female  dental 
assistants.  METHODS:  Screening 
questionnaires  were  mailed  to  7,000 
female  dental  assistants,  ages  18  to 
39,  registered  by  the  California  De- 
partment of  Consumer  Affairs.  69% 
responded.  459  women  were  de- 
termined to  be  eligible,  having  be- 
come pregnant  during  the  previous  4 
years  for  reasons  unrelated  to  the 
failure  of  birth  control,  and  91%  of 
these  women  completed  telephone 
interviews.  Detailed  information  was 
collected  on  exposure  to  nitrous  ox- 
ide  and   fertility   (measured   by   the 


number  of  menstrual  cycles  without 
contraception  that  the  women  re- 
quired to  become  pregnant).  RE- 
SULTS: After  controlling  for  covar- 
iates,  we  found  that  women  exposed 
to  high  levels  of  nitrous  oxide  were 
significantly  less  fertile  than  women 
who  were  unexposed  or  exposed  to 
lower  levels  of  nitrous  oxide.  The  ef- 
fect was  evident  only  in  the  19  wom- 
en with  5  or  more  hours  of  exposure 
per  week.  These  women  were  only 
41%  (95%  confidence  interval,  23- 
74%;  p  <  0.003)  as  likely  as  unex- 
posed women  to  conceive  during 
each  menstrual  cycle.  CONCLU- 
SIONS: Occupational  exposure  to 
high  levels  of  nitrous  oxide  may  ad- 
versely affect  a  woman's  ability  to 
become  pregnant. 

Clinical  Determinants  of  the  Ra- 
cial Disparity  in  Very  Low  Birth 
Weight— A  Kempe,  PH  Wise,  SE 
Barkan,  WM  Sappenfield,  B  Sachs, 
SL  Gortmaker,  et  al.  N  Engl  J  Med 
1992:327:969. 

BACKGROUND:  Although  the  risk 
of  very  low  birth  weight  (<  1,500  g) 
is  more  than  twice  as  high  among 
blacks  as  among  whites  in  the  United 


States,  the  clinical  conditions  asso- 
ciated with  this  disparity  remain 
poorly  explored.  METHODS  &  RE- 
SULTS: We  reviewed  the  medical 
records  of  over  98%  of  all  infants 
weighing  500-1,499  g  who  were  born 
in  Boston  during  the  period  1980— 
1985  (687  infants),  in  St  Louis  in 
1985  and  1986  (397  infants),  and  in 
two  health  districts  in  Mississippi  in 
1984  and  1985  (215  infants).  The 
medical  records  of  the  infants'  moth- 
ers were  also  reviewed.  These  data 
were  linked  to  birth-certificate  files. 
During  the  study  periods,  there  were 
49,196  live  births  in  Boston,  16,232 
in  St  Louis,  and  16,332  in  the  Mis- 
sissippi districts.  The  relative  risk  of 
very  low  birth  weight  among  black 
infants  as  compared  with  white  in- 
fants ranged  from  2.3-3.2  in  the  three 
areas.  The  higher  proportion  of  black 
infants  with  very  low  birth  weights 
was  related  to  an  elevated  risk  in 
their  mothers  of  major  conditions  as- 
sociated with  very  low  birth  weight, 
primarily  chorioamnionitis  or  pre- 
mature rupture  of  the  amniotic  mem- 
brane (associated  with  38.0%  of  the 
excess  proportion  of  black  infants 
with  very  low  birth  weights  [95% 
confidence     interval     31.3-45.4%]); 
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CliniVision... A  Sound  Economic 
Investment,  From  A  Solid  Company 

From  the  bedside  to  the  finance  department,  CliniVision  adds  up  to  significant 
savings  for  your  hospital.  While  other  companies  provide  anecdotal  stories, 
Puritan-Bennett  provides  documented,  concrete  dollar  savings.  Three  inde- 
pendent studies  confirm  what  over  75  satisfied  CliniVision  customers  have  already 
proven. ,.  CliniVision  is  a  sound  investment  in  these  uncertain  economic  times. 

As  a  department  director  you'll  appreciate  all  the  benefitsa  CliniVision  system 
can  bring  to  your  department.  To  list  a  few: 

•  The  power  of  Microsoft  "Windows™ 

•  An  automatic  link  to  the  7200®  Series 
ventilator 

•  Access  to  a  powerful  database  to  support 
your  management  decisions 

•  A  hand  held  computer  upgradeable  to 
modem  and  radio  frequency  technology 

Any  way  you  look  at  it,  CliniVision  adds 
up  to  a  sound  investment.  More  hospitals 
have  purchased  CliniVision  than  any  other 
respirator)'  point-of-care  system. 

Our  customers  say  it,  an  independent 
auditor  proves  it,  you  can  believe  it. 

For  more  information,  call  your  local 
Puritan-Bennett  representative  or  1-800- 

255-6773. 
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idiopathic  preterm  labor  (20.9%  of 
the  excess  [95%  confidence  interval 
16.0-26.4%]);  hypertensive  disorders 
(12.3%  [95%  confidence  interval 
8.6-16.6%]);  and  hemorrhage  (9.8% 
[95%  confidence  interval  5.5- 
13.5%]).  CONCLUSIONS:  The 
higher  proportion  of  black  infants 
with  very  low  birth  weights  is  as- 
sociated with  a  greater  frequency  of 
all  major  maternal  conditions  pre- 
cipitating delivery  among  black 
women.  Reductions  in  the  disparity 
in  birth  weight  between  blacks  and 
whites  are  not  likely  to  result  from 
any  single  clinical  intervention  but, 
rather,  from  comprehensive  preven- 
tive strategies. 

A  Prospective  Investigation  of  Pul- 
monary Embolism  in  Women  and 

Men — DA  Quinn,  BT  Thompson, 
ML  Terrin,  JH  Thrall,  CA  Athan- 
asoulis,  KA  McKusick,  PD  Stein, 
CA  Hales.  JAMA  1992;268:1689. 

OBJECTIVE:  The  aim  of  this  study 
was  to  compare,  in  women  and  men 
suspected  of  pulmonary  embolism, 
the  frequency,  risk  factors,  diagnosis, 
and  presentation  of  pulmonary  em- 
bolism as  well  as  the  accuracy  of  the 
ventilation/perfusion  scan  (V/Q  scan) 
as  a  diagnostic  tool.  DESIGN:  Data 
were  collected  during  a  prospective 
study  (the  Prospective  Investigation 
of  Pulmonary  Embolism  Diagnosis) 
to  establish  the  accuracy  of  the  V/Q 
scan  compared  with  pulmonary  angi- 
ograms. SETTING:  6  tertiary  med- 
ical centers  in  Massachusetts,  Mich- 
igan, Connecticut,  Pennsylvania,  and 
North  Carolina.  PARTICIPANTS: 
Patients  suspected  of  pulmonary  em- 
bolism for  whom  a  request  was  made 
for  a  V/Q  scan  or  pulmonary  angio- 
gram (496  women  and  406  men). 
RESULTS:  Women  50  years  old  and 
under  had  a  decreased  frequency  of 
pulmonary  embolism  compared  with 
men  of  that  age  (16%  vs  32%),  but 
there  was  no  difference  in  patients 
over  50  years  old  (Breslow-Day  test, 


p  <  0.01 ).  Risk  factors  for  pulmonary 
embolism,  the  usefulness  of  the  V/Q 
scan,  and  1-year  mortality  were  not 
different  for  women  and  men.  Es- 
trogen use  in  women  was  not  as- 
sociated with  an  increased  frequency 
of  pulmonary  embolism,  except  in 
women  using  oral  contraceptives  who 
had  undergone  surgery  within  3 
months;  4  of  5  (80%)  had  emboli 
compared  with  4  of  28  (14%)  age- 
matched  surgical  patients  not  using 
estrogens  (p  <  0.01).  CONCLU- 
SION: Women  50  years  old  and  un- 
der (even  young  women  using  oral 
contraceptives)  who  were  suspected 
of  having  pulmonary  emboli  and 
were  enrolled  in  the  Prospective  In- 
vestigation of  Pulmonary  Embolism 
Diagnosis  study  had  a  smaller  fre- 
quency of  pulmonary  embolism  than 
men  of  that  age.  The  risk  factors  for 
pulmonary  embolism  were  the  same 
for  women  and  men,  except  that 
women  using  oral  contraceptives  had 
an  increased  risk  of  pulmonary  em- 
bolism following  surgery.  Although 
the  V/Q  scan  was  a  useful  tool  in  the 
preliminary  evaluation  for  pulmo- 
nary embolism  in  these  women,  a 
pulmonary  angiogram  was  often 
needed  for  accurate  diagnosis. 

Active  and  Passive  Smoking  and 
Pathological  Indicators  of  Lung 
Cancer  Risk  in  an  Autopsy  Study 

— D  Trichopoulos,  F  Mollo,  L  Tom- 
atis,  E  Agapitos,  L  Delsedime,  X 
Zavitsanos,  et  al.  JAMA  1992;268: 
1697. 

OBJECTIVE:  The  association  be- 
tween involuntary  smoking  and  lung 
cancer  has  been  supported  by  most 
epidemiologic  studies,  but  a  number 
of  authors  and  interest  groups  claim 
that  the  possibility  of  bias  has  not 
been  excluded.  Few  autopsy-based 
studies  have  explored  the  role  of  ac- 
tive smoking  and  other  exposures  in 
lung  carcinogenesis,  and  none  has 
been  previously  done  to  examine  the 
role  of  passive  smoking.  We  have 


undertaken  such  an  autopsy-based 
study  in  Athens.  Greece.  DESIGN: 
Lung  specimens  were  taken  at  au- 
topsy from  400  persons  35  years  of 
age  or  older,  of  both  genders,  who 
had  died  within  4  hours  from  a  cause 
other  than  respiratory  or  cancer  in 
Athens  or  the  surrounding  area.  For 
each  person  at  least  7  tissue  blocks 
were  taken  from  the  main  and  lobar 
bronchi  and  at  least  5  blocks  from 
the  parenchyma,  including  an  aver- 
age of  about  20  smaller  cartilaginous 
bronchi  and  membranous  bronchi- 
oles. The  specimens  were  examined 
without  knowledge  of  the  exposures 
of  the  particular  subject,  in  Turin. 
Italy.  For  283  (71%)  of  the  subjects 
the  preservation  of  the  bronchial  epi- 
thelium was  satisfactory  for  patho- 
logical examination,  and  for  206 
among  them  (73%)  an  interview 
could  be  arranged  with  their  next  of 
kin,  focusing  on  smoking  habits  of 
the  deceased  and  their  spouses,  as 
well  as  other  variables.  The  inter- 
viewers were  not  aware  of  the  results 
of  the  pathological  examinations. 
MAIN  OUTCOME  MEASURE: 
Specimens  were  examined  for  basal 
cell  hyperplasia,  squamous  cell  meta- 
plasia, cell  atypia,  and  (in  mem- 
branous bronchioles  and  bronchiolo- 
alveolar  airways)  mucous  cell  meta- 
plasia, ie.  pathological  entities  that 
may  be  lung  cancer  risk  indicators  or 
epithelial,  possibly  precancerous,  le- 
sions (EPPL).  The  gland  and  wall 
thicknesses  were  also  measured  and 
their  ratio  calculated  (Reid  Index). 
RESULTS:  In  comparison  with  non- 
smokers,  EPPL  values  were  signif- 
icantly higher  among  current  smok- 
ers and  higher,  but  not  significantly 
so,  among  former  smokers.  Further- 
more, EPPL  values  were  significantly 
higher  among  deceased  nonsmoking 
women  married  to  smokers  rather 
than  to  nonsmokers.  In  this  set  of 
data  neither  occupation  nor  residence 
was  associated  with  EPPL,  but  this 
could  be  due  to  the  poor  correlation 
of  residential  history  with  exposure 
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intratracheal  suspension 

Sterile  Suspension/For  Intratracheal  Use  Only 

INDICATIONS  AND  USAGE 

SURVANTA  is  indicated  lot  prevention  and 
treatment  ("rescue")  ot  Respiratory  Distress 
Syndrome  (RDS)  (hyaline  membrane  disease) 
in  premature  infants  SURVANTA  significantly 
reduces  the  incidence  of  RDS.  mortality  due  to 
NOS  and  air  leak  complications. 
Prevention 

In  premature  infants  less  than  1250  g  birth 
Wight  or  with  evidence  of  surfactant  defi- 
ciency, give  SURVANTA  as  soon  as  possible, 
preferably  within  15  minutes  of  birth. 
Rescue 

To  treat  infants  with  RDS  confirmed  by  x-ray 
and  requiring  mechanical  ventilation,  give 
SURVANTA  as  soon  as  possible,  preferably  by 
8  hours  of  age 
CONTRAINDICATIONS 
None  known 
WARNINGS 
SURVANTA  is  intended  lor  intratracheal  use  only. 

SURVANTA  CAN  RAPIDLY  AFFECT  OXY- 
GENATION AND  LUNG  COMPLIANCE  There- 
fore, its  use  should  be  restricted  to  a  highly 
supervised  clinical  setting  with  immediate 
availability  of  clinicians  experienced  with  intu- 
bation, ventilator  management,  and  general 
care  of  premature  infants  Infants  receiving 
SURVANTA  should  be  frequently  monitored 
with  arterial  or  transcutaneous  measurement 
ol  systemic  oxygen  and  carbon  dioxide. 

DURING  THE  DOSING  PROCEOURE. 
TRANSIENT  EPISODES  OF  BRADYCARDIA 
AND  DECREASED  OXYGEN  SATURATION 
HAVE  BEEN  REPORTED.  If  these  occur,  stop 
the  dosing  procedure  and  initiate  appropriate 
measures  to  alleviate  the  condition.  After  sta- 
bilization, resume  the  dosing  procedure. 
PRECAUTIONS 
General 

Rales  and  moist  breath  sounds  can  occur 
transiently  after  administration.  Endotracheal 
suctioning  or  other  remedial  action  is  not 
necessary  unless  clear-cut  signs  of  airway 
obstruction  are  present. 

Increased  probability  ot  post-treatment 
nosocomial  sepsis  in  SURVANTA  treated 
infants  was  observed  in  the  controlled  clinical 
trials  (Table  3V  The  increased  risk  for  sepsis 
among  SURVANTA-treated  infants  was  not 
associated  with  increased  mortality  among 
these  infants  The  causative  organisms  were 
similar  in  treated  and  control  infants.  There 
was  no  significant  difference  between  groups 
in  the  rate  of  post-treatment  infections  other 
than  sepsis 

Use  of  SURVANTA  in  infants  less  than  600  g 
birth  weight  or  greater  than  1750  g  birth 
weight  has  not  been  evaluated  in  controlled 
trials  There  is  no  controlled  experience  with 
use  of  SURVANTA  in  conjunction  with  experi- 
mental therapies  for  RDS  (eg.  high-frequency 
ventilation  or  extracorporeal  membrane 
oxygenation). 

No  information  is  available  on  the  effects  of 
doses  other  than  100  mg  phospholipids  kg. 
more  than  four  doses,  dosing  more  frequently 
than  every  6  hours,  or  administration  after 
48  hours  of  age. 
Carcinogenesis,  Mutagenesis, 
Impairment  ol  Fertility 
Reproduction  studies  in  animals  have  not  been 
completed.  Mutagenicity  studies  were  nega- 
tive. Carcinogenicity  studies  have  not  been 
performed  with  SURVANTA 
ADVERSE  REACTIONS 

The  most  commonly  reported  adverse  experi- 
ences were  associated  with  the  dosing  pro- 
cedure. In  the  multiple-dose  controlled 
clinical  trials,  transient  bradycardia  occurred 
with  11.9%  ol  doses.  Oxygen  desaturation 
occurred  with  9  8%  of  doses. 

Other  reactions  during  the  dosing  pro- 
cedure occurred  with  fewer  than  1%  of  doses 
and  included  endotracheal  tube  reflux,  pallor, 
vasoconstriction,  hypotension,  endotracheal 
tube  blockage,  hypertension,  hypocarbia. 
hypercarbia.  and  apnea.  No  deaths  occurred 
during  the  dosing  procedure,  and  all  reac- 
tions resolved  with  symptomatic  treatment. 

The  occurrence  of  concurrent  illnesses 
common  in  premature  infants  was  evaluated 
in  the  controlled  trials.  The  rates  in  all  con- 
trolled studies  are  in  Table  3 
TABLE  3 


All  Controller!  Studies 

SURVANTA 

CMmrMI  Ewm 

(%) 

1*1 

P-ValuH 

46  9 

47  1 

0  814 

48  1 

45  2 

0  241 

Iwmoirnage 

24  1 

23  3 

0693 

Pulmonary  air  leaks 

109 

24  7 

<0  00l 

Pulmonary  Interstitial 

emphysema 
Ntcnjdnno.  enterocolitis 

202 

61 

384 
53 

<0O01 
0427 

Mm 

at 

59  6 

0  283 

Smre  apnea 

461 

425 

0114 

Posl-lrealment  infection 

20.7 

16.1 

0019 

10.2 

91 

0345 

Pulmonary  hemorrhage 

72 

53 

0  166 

When  all  controlled  studies  were  pooled, 
there  was  no  difference  in  intracranial  hemor- 
rhage. However,  in  one  of  the  single-dose  res- 
cue studies  and  one  ol  the  multiple-dose 
prevention  studies,  the  rate  of  intracranial 
hemorrhage  was  significantly  higher  in 
SURVANTA  patients  than  control  patients 
(63  3%  v  30.8%.  P=  0.001;  and  48  8%  v 
34  2%,  P  =  0.047.  respectively)  The  rate  in 
a  Treatment  IND  involving  approximately  4400 
infants  was  lower  than  in  the  controlled  trials 

In  the  controlled  clinical  trials,  there  was 
no  effect  of  SURVANTA  on  results  of  common 
laboratory  tests,  white  blood  cell  count 
and  serum  sodium,  potassium,  bilirubin, 
creatinine. 

More  than  3700  pretreatment  and  post- 
treatment  serum  samples  were  tested  by 
Western  Blot  immunoassay  for  antibodies  to 
surfactant-associated  proteins  SP-B  and 
SP-C  No  IgG  or  IgM  antibodies  were 
detected. 

Several  other  complications  are  known  to 
occur  in  premature  infants.  The  following 
conditions  were  reported  in  the  controlled 
clinical  studies.  The  rates  of  the  complica- 
tions were  not  different  in  treated  and  control 
infants,  and  none  of  the  complications  were 
attributed  to  SURVANTA. 
Respiratory:  lung  consolidation,  blood  from 
the  endotracheal  tube,  deterioration  after 
weaning,  respiratory  decompensation,  sub- 
glottic stenosis,  paralyzed  diaphragm,  respi- 
ratory tailure. 

Cardiovascular:  hypotension,   hypertension, 
tachycardia,  ventricular  tachycardia,  aortic 
thrombosis,  cardiac  failure,  cardio- 
respiratory arrest,  increased  apical  pulse, 
persistent  fetal  circulation,  air  embolism,  total 
anomalous  pulmonary  venous  return. 
Gastrointestinal:  abdominal  distention,  hem- 
orrhage, intestinal  perforations,  volvulus, 
bowel  infarct,  feeding  intolerance,  hepatic 
failure,  stress  ulcer 
Renal:  renal  failure,  hematuria. 
Hematologic:  coagulopathy,  thrombo- 
cytopenia, disseminated  intravascular 
coagulation. 

Central  Nervous  System:  seizures. 
Endocrine  I  Metabolic:  adrenal  hemorrhage, 
inappropriate  ADH  secretion,  hyper- 
phosphatemia. 

Musculoskeletal:  inguinal  hernia 
Systemic:  lever,  deterioration. 
Follow-Up  Evaluations 
To  date,  no  long-term  complications  or 
sequelae  of  SURVANTA  therapy  have  been 
found. 

Single-Dose  Studies 

Six-month  adjusted-age  follow-up  evaluations 
of  232  infants  (115  treated)  demonstrated  no 
clinically  important  differences  between 
treatment  groups  in  pulmonary  and  neu- 
rologic sequelae,  incidence  or  severity  of  reti- 
nopathy of  prematurity,  rehospitalizations, 
growth,  or  allergic  manifestations. 
Multiple-Dose  Studies 
Six-month  adjusted  age  follow-up  evaluations 
have  not  been  completed.  Preliminarily,  in 
605  (333  treated)  of  916  surviving  infants, 
there  are  trends  for  decreased  cerebral  palsy 
and  need  for  supplemental  oxygen  in 
SURVANTA  infants  Wheezing  at  the  time  ot 
examination  tended  to  be  more  frequent 
among  SURVANTA  infants,  although  there 
was  no  difference  in  bronchodilator  therapy. 

Twelve-month  tollow-up  data  from  the  mul- 
tiple-dose studies  have  been  completed  in 
328  (171  treated)  of  909  surviving  infants.  To 
date  no  significant  differences  between  treat- 
ments have  been  found,  although  there  is  a 
trend  toward  less  wheezing  in  SURVANTA 
infants  in  contrast  to  the  six  month  results. 

OVERDOSAGE 

Overdosage  with  SURVANTA  has  not  been 
reported  Based  on  animal  data,  overdosage 
might  result  in  acute  airway  obstruction. 
Treatment  should  be  symptomatic  and 
supportive. 

Rales  and  moist  breath  sounds  can  tran- 
siently occur  after  SURVANTA  is  given,  and 
do  not  indicate  overdosage  Endotracheal 
suctioning  or  other  remedial  action  is  not 
required  unless  clear-cut  signs  of  airway 
obstruction  are  present. 

HOW  SUPPLIED 

SURVANTA  (beractant)  Intratracheal  Suspen- 
sion is  supplied  in  single-use  glass  vials 
containing  8  mL  ot  SURVANTA  (NDC 
0074-1040-08)  Each  milliliter  contains  25  mg 
of  phospholipids  (200  mg  phospholipids/ 
8  mL)  suspended  in  0  9%  sodium  chloride 
solution.  The  color  is  off-white  to  light  brown 
Store  unopened  vials  at  refrigeration  tem- 
perature (2-8X)  Protect  from  light  Store 
vials  in  carton  until  ready  for  use  Vials  are  tor 
single  use  only.  Upon  opening,  discard 
unused  drug. 
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to  air  pollution  and  the  lack  of  ade- 
quate standardization  of  contem- 
porary Greek  occupations.  The  Reid 
Index  was  higher  among  smokers 
and  former  smokers  in  comparison 
with  nonsmokers,  among  subjects 
with  mainly  urban  residence  in  com- 
parison with  those  with  mainly  rural 
residence,  and  among  nonsmoking 
women  married  to  smokers  in  com- 
parison with  those  married  to  non- 
smokers,  but  none  of  these  dif- 
ferences was  statistically  significant. 
CONCLUSION:  These  results  pro- 
vide support  to  the  body  of  evidence 
linking  passive  smoking  to  lung  can- 
cer, even  though  they  are  based  on  a 
study  methodologically  different  from 
those  that  have  previously  examined 
this  association. 

Hospital  Characteristics  and  Qual- 
ity of  Care— EB  Keeler,  LV  Ru- 
benstein,  KL  Kahn,  D  Draper,  ER 
Harrison,  MJ  McGinty,  et  al.  JAMA 
1992;268:1709. 

OBJECTIVE:  To  compare  quality  of 
care  measured  by  explicit  criteria,  im- 
plicit review,  and  sickness-adjusted 
outcomes  at  different  types  of  hos- 
pitals. DESIGN:  Further  analysis  of 
data  retrospectively  abstracted  from 
medical  records  to  evaluate  the  ef- 
fects of  prospective  payment  on 
quality  of  care  for  hospitalized  Med- 
icare patients.  SETTING:  Hospitals 
in  5  states  were  sampled  to  represent 
the  national  Medicare  admissions 
along  many  dimensions.  PATIENTS: 
A  total  of  14,008  elderly  patients 
with  1  of  the  following  5  diseases: 
congestive  heart  failure,  acute  myo- 
cardial infarction,  pneumonia,  stroke, 
or  hip  fracture.  These  patients  were 
randomly  sampled  from  those  with 
these  diseases  in  297  hospitals  in  2 
time  periods,  1981  to  1982  and  1985 
to  1986.  OUTCOME  MEASURES: 
Explicit  criteria,  implicit  review,  and 
mortality  within  30  days  of  admis- 
sion adjusted  for  sickness  at  admis- 
sion. RESULTS:  Quality  of  care  rat- 


ings for  hospital  types  are  similar  us- 
ing explicit  criteria,  implicit  review, 
and  outcomes  adjusted  for  sickness 
at  admission.  Quality  differences  be- 
tween types  of  hospitals  were  large, 
with  the  lowest  group  estimated  to 
have  four  percentage  points  higher 
mortality  than  major  teaching  hos- 
pitals in  a  cohort  of  patients  with  av- 
erage mortality  of  16%.  Quality  var- 
ies from  state  to  state,  but  teaching, 
larger,  and  more  urban  hospitals 
have  better  quality  in  general  than 
nonteaching,  small,  and  rural  hos- 
pitals. Hospital  quality  persists  over 
time,  but  small  nonteaching  hospitals 
narrowed  the  gap  with  better  quality 
hospitals  between  1981  and  1986. 
CONCLUSIONS:  The  different 
measures  led  to  consistent  and  plau- 
sible relationships  between  quality 
and  hospital  characteristics.  Thus, 
valid  information  about  hospital 
quality  can  be  obtained.  We  need  to 
develop  ways  to  use  such  infor- 
mation to  improve  care. 

Diagnosis,  Treatment,  and  Pre- 
vention of  Pulmonary  Embolism: 
Report  of  the  WHO/International 
Society  and  Federation  of  Cardi- 
ology Task  Force — SZ  Goldhaber, 
M  Morpurgo  for  the  WHO/ISFC 
Task  Force  on  Pulmonary  Embolism. 
JAMA  1992;268:1727. 

To  assess  the  state  of  the  art  of  ve- 
nous thrombosis  and  pulmonary  em- 
bolism for  the  medical  and  other 
health-related  professions,  the  World 
Health  Organization  (WHO)  and  the 
International  Society  and  Federation 
of  Cardiology  (ISFC)  convened  a 
task  force  in  Geneva,  Switzerland. 
Members  of  the  task  force  prepared 
position  papers  and  presented  brief 
oral  presentations.  A  report  was  sub- 
sequently prepared  by  the  task  force 
members,  who  contributed  sections 
in  their  areas  of  expertise.  Revisions 
of  the  report  occurred  both  during 
the  task  force  meeting  itself  in  Ge- 
neva and  during  the  ensuing  months. 


The  final  report  was  approved  by  the 
WHO-ISFC  Task  Force  on  Pulmo- 
nary Embolism  Steering  Committee. 
More  quantitative  information  is 
needed  on  the  frequency  of  venous 
thrombosis  and  pulmonary  embolism 
in  hospitalized  medical  patients  as 
well  as  in  outpatients  at  high  risk. 
Population  studies  should  focus  on 
incidence,  survival,  and  long-term 
complications  in  different  parts  of 
the  world  with  respect  to  gender  and 
race.  Further  educational  efforts  are 
needed  to  increase  awareness  about 
venous  thrombosis  and  pulmonary 
embolism  prophylaxis.  Finally,  re- 
search into  effective  techniques  for 
changing  physician  practice  would 
be  useful. 

Apparatus  for  the  Control  of 
Breathing  Patterns  during  Aerosol 
Inhalation — PR  Phipps,  I  Gonda, 
SD  Anderson.  J  Aerosol  Med  1992;5 
(3):155. 

A  computerized  breathing  circuit  for 
monitoring,  recording,  and  controll- 
ing aerosol  inhalation  patterns  is  de- 
scribed. A  target  pattern,  using  sine 
functions  derived  from  previous  re- 
cording of  breathing,  is  displayed  on 
the  computer  screen.  The  repro- 
ducibility of  tidal  breathing  patterns 
of  9  normal  volunteers  was  com- 
pared using  (i)  no  target,  (ii)  a  met- 
ronome and  tidal  volume  (Vj)  target. 
and  (iii)  the  full  control  provided  by 
this  system.  Each  subject  breathed 
for  2  minutes  using  each  method  on 
separate  days.  The  breath-by-breath 
variability  was  found  to  be  similar 
for  all  methods.  The  day-to-day  vari- 
ation was  greatest  for  the  'no  con- 
trol' method  with  the  exception  of 
inspiratory  pause  (P,).  The  inspir- 
atory flowrate  (F,)  and  P,  had  a  great- 
er variation  using  the  metronome 
than  the  full  control.  The  Vt  and 
breathing  frequency  were  equally 
well  controlled  using  these  two 
methods.  This  system  provides  better 
control  with  an  easy  to  follow  target 
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Anatomy  of  a 


OptiHaler  reinvents  MDI  delivery. 

Its  patented  aerodynamic  design 
creates  a  more  effective  aerosol  mixture 
—  richer  in  smaller  particles,  with  fewer 
of  the  larger,  less  desirable  ones.' 

OptiHaler  makes  more  aerosol  available 
for  delivery  to  the  lungs  than  ordinary 
static  spacers.2 

And  it  does  all  this  in  a  convenient, 
compact  unit  that's  as  easy  to  use 
as  1,2,3. 

1.  Patient  begins  inhaling. 

2.  Patient  presses  down  on  MDI 
canister  and  holds  it  down, 
continuing  to  take  a  full,  deep 
breath. 

3.  Patient  holds  breath  for  8-10 
seconds. 


Make  sure  your  patients  get  the  full 
benefit  of  their  MDI  medication. 

Recommend  OptiHaler. 


True  Portability 

OptiHaler  goes 
anywhere...  and 
the  MDI  canister 
stores  conveniently 
inside. 


Air  enters  through  intake  vents, 
mixing  with  aerosol  plume  and 
reversing  its  flow. 


For  more  information  on  how 
your  patients  can  benefit  from 
OptiHaler  call  1-800-962-1266 

or  use  this  coupon. 
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Drug  Delivery  System  For  Use  With  Metered  Dose  Inhalers 

The  promise  of  MDI  therapy... delivered. 

From  the  makers  of  ASSESS9  Peak  Flow  Meters 


Dynamic  mixing  action 
keeps  smaller  particles  in 
suspension,  lets  larger 
particles  settle  out. 


Breakthrough 


Cam  action 
advances  inner 
chamber,  opening 
additional  air  vents. 


Aerosol  particles  are 
directed  away  from 
mouth. 
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Circle  11 0  on  reader  service  card 


ABSTRACTS 


display  of  the  subject's  own,  or  pre- 
set, inhalation  pattern. 

Transcutaneous  and  Arterial  Blood 
Gas  Monitoring  during  Acute 
Asthmatic  Symptoms  in  Older 
Children — D  Holmgren,  R  Sixt.  Pe- 
diatr  Pulmonol  1992;14:80. 

The  relationship  between  transcu- 
taneous and  arterial  blood  gases  was 
investigated  in  14  children  with  asth- 
matic symptoms,  aged  7-15  years, 
before  and  after  the  inhalation  of 
salbutamol.  The  degree  of  bronchial 
obstruction  was  assessed  by  forced 
expiratory  volume  in  one  second 
(FEVi)  and  maximum  expiratory 
flow  when  25%  of  FVC  remained  to 
be  expelled  (MEF25).  On  average 
the  transcutaneous  P02  (tcPo:)  was 
1.3  kPa  (range  2.6-0  kPa)  lower  and 
the  transcutaneous  Pco:  was  0.6  kPa 
(range  0-1.5  kPa)  higher  than  the 
corresponding  arterial  values  (p  < 
0.01).  The  difference  between  arteri- 
al and  transcutaneous  P02  was  the 
same  over  the  whole  range  of  values 
studied  (7.5-14  kPa).  After  the  inha- 
lation of  salbutamol,  the  relationship 
between  transcutaneous  and  arterial 
blood  gases  was  not  significantly 
changed.  Changes  in  transcutaneous 
Po:  correlated  to  changes  in  MEF25 
(p  <  0.05),  indicating  a  common  de- 
nominator, probably  the  conditions 
in  the  peripheral  airways.  We  con- 
clude that  the  close  relationship  be- 
tween transcutaneous  and  arterial 
blood  gases,  even  after  the  inhalation 
of  a  beta-2  agonist,  indicates  that  the 
transcutaneous  technique  can  be  used 
for  monitoring  acute  bronchial  ob- 
struction and  for  evaluating  the  ef- 
fects of  treatment  in  children  of  dif- 
ferent ages. 

Transcutaneous  Blood  Gas  Mon- 
itoring during  Salbutamol  In- 
halations in  Young  Children  with 
Acute    Asthmatic    Symptoms — D 

Holmgren,  J  Bjure,  I  Engstrom,  R 
Sixt,  G  Sten,  G  Wennergren.  Pediatr 
Pulmonol  1992;  14:75. 


The  effect  of  salbutamol  inhalations 
on  transcutaneous  blood  gases  was 
investigated  in  23  children  (aged  1 1 
mo-2.5  yrs)  with  asthmatic  symp- 
toms. After  one  salbutamol  in- 
halation there  was  a  mean  increase  in 
transcutaneous  Po:  (tcPo:)  of  0.5  kPa 
(p  <  0.01);  after  a  second  dose  given 
30  minutes  later,  the  mean  increase 
was  1.2  kPa  (p  <  0.001).  The  in- 
crease in  tcPo:  after  only  one  dose  of 
salbutamol  was  significantly  cor- 
related to  age  (p  <  0.01).  No  such 
correlation  was  observed  after  a  sec- 
ond dose.  The  overall  increase  in 
tcPoi  after  two  salbutamol  inha- 
lations showed  a  negative  correlation 
to  the  duration  of  the  current  symp- 
tomatic period  (p  <  0.05).  We  con- 
clude that  salbutamol  inhalations 
have  beneficial  effects  in  young  chil- 
dren with  acute  asthmatic  symptoms, 
even  below  the  age  of  18  mo,  pro- 
vided that  an  adequate  dose  reaches 
the  lung  and  preferably  at  an  early 
stage  of  obstruction. 

Adaptive  Control  of  Inspired  Oxy- 
gen Delivery  to  the  Neonate — VK 

Bhutani,  JC  Taube,  MJ  Antunes,  M 
Delivoria-Papadopoulos.  Pediatr  Pul- 
monol 1992,14:1 10. 

Adaptive  adjustment  of  inspired  oxy- 
gen (Fio;),  based  on  a  desired  percent 
arterial  hemoglobin  saturation  (S02) 
was  achieved  by  on-line  bedside  con- 
trol of  the  oxygen  concentration  de- 
livered to  the  neonate.  14  infants 
with  bronchopulmonary  dysplasia 
(BW  860  ±  80  g;  GA  26  ±  1  wk; 
study  age  41  ±  8  d)  receiving  oxy- 
gen-air mixtures  by  hood  were  stud- 
ied. The  desired  range  of  S02  from 
92  to  96%  with  a  target  value  of  95% 
was  determined  by  pulse  oximetry 
and  maintained  with  adjustment  of 
Fio:  using  three  modes:  (1)  standard 
neonatal  intensive  care  protocol  with 
oxygen  delivery  evaluated  at  20  min- 
ute intervals;  (2)  bedside  manual 
control  with  Fio?  manipulation  every 
2  to  5  minutes;  and  (3)  adaptive  con- 


trol with  on-line  adjustment  of  Fio: 
according  to  a  specifically  designed 
adaptive  program.  Each  study  period 
was  of  40-minute  duration.  So;  val- 
ues within  a  steady  94-96%  range 
was  achieved  for  54%  of  the  time 
with  standard  protocol,  compared  to 
69%  (p  <  0.01)  with  bedside  manual 
control  and  81%  (p  <  0.01)  with 
adaptive  control.  In  addition,  fluctua- 
tions in  S02  values  and  overshoots 
were  less  apparent  with  adaptive 
control  of  oxygen  delivery.  These 
data  describe  adaptive  Fio:  control  as 
an  efficient  alternative  technique  for 
achieving  a  stable  desired  range  of 
oxygenation  in  neonates. 

Oxygen  Desaturation  Complicates 
Feeding  in  Infants  with  Broncho- 
pulmonary Dysplasia  after  Dis- 
charge— L  Singer,  RJ  Martin,  SW 
Hawkins,  LJ  Benson-Szekely,  TS 
Yamashita,  WA  Carlo.  Pediatrics 
1992;90:380. 

Recurrent  episodes  of  hypoxemia 
may  affect  the  growth,  cardiac  func- 
tion, neurologic  outcome,  and  sur- 
vival of  infants  with  broncho- 
pulmonary dysplasia  (BPD).  As  oral 
feeding  might  stress  these  infants  by 
compromising  pulmonary  function 
even  after  hospital  discharge,  we 
measured  oxygen  saturation  (Sao:) 
via  pulse  oximetry  before,  during  the 
initial  10  minutes  of,  and  immedi- 
ately after  oral  feeding  in  1 1  patients 
with  BPD,  12  very  low  birth  weight 
infants,  and  23  healthy  full-term  in- 
fants. All  infants  with  BPD  had  been 
previously  discharged  from  the  hos- 
pital after  weaning  from  supple- 
mental oxygen.  Studies  were  done  at 
a  mean  postconceptional  age  of  43 
weeks  while  the  infants  were  fed  at 
home  by  one  of  their  parents.  Levels 
of  SaO:  for  the  three  groups  were 
comparable  before  and  during  feeds. 
After  feeding,  the  infants  with  BPD 
had  significantly  lower  mean  levels 
of  Sao2  (84  ±  8%  [SD]  vs  93  ±  4% 
and  93  ±  3%,  respectively;  p  <  0.01). 
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Start  breathing  easier. 
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END-TIDAL  C02  DETECTION, 
ANYWHERE,  ANYTIME. 


EASY G4P~end-tidal  C02  detector  is  the  disposable, 
easy-to-use  device  that  can  be  used  to: 

•  Verily  proper  endotracheal  tube  placement 

•  Monitor  ETC02  levels  during  CPR 

•  Detect  return  of  spontaneous  circulation  during 
CPR 

•  Transport  your  intubated  patient  safely  in  the  field 
and  hospital 

No  batteries,  no  cables,  no  connectors.  Just  intubate, 
attach  EASY  CAP  and  begin  to  monitor  ranges  of  end-tidal 
C02  for  up  to  two  hours.  It's  the 
easiest  way  to  improve  safety. 


EASY  CAP  IS  ANEW 
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ALMOST  ANYWHERE. 

The  EASY  CAP  detector  is  ideally  designed 
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They  also  spent  more  time  after  feed- 
ing with  an  Sao2  <  90%  (64  ±  34%  of 
time  vs  27  ±  33%  for  the  very  low 
birth  weight  and  22  ±  20%  for  the 
term  group;  p  <  0.01)  and  greater 
time  with  an  Sao2  <  80%  (37  ±  28% 
vs  4  ±  10%  and  4  ±  8%,  respectively; 
p  <  0.01).  Desaturation  in  infants 
with  BPD  was  related  to  larger  vol- 
ume and  faster  oral  intake  during 
feeding.  Thus,  the  data  indicate  that 
desaturation  after  feeding  remains  a 
recurrent  problem  for  survivors  of 
BPD  after  discharge.  Individual  ap- 
proaches that  incorporate  parental 
education  and  behavioral  inter- 
ventions might  decrease  the  risk  of 
significant  hypoxemia  during  oral 
feeding  in  infants  with  BPD. 

Intrinsic  PEEP  Monitored  in  the 
Ventilated  ARDS  Patient  with  a 
Mathematical  Method — L  Ebe- 
rhard,  J  Guttmann,  G  Wolff,  W 
Bertschmann,  A  Minzer,  HJ  Kohl,  et 
al.  J  Appl  Physiol  1992;73(2):479. 

Under  mechanical  volume-controlled 
ventilation,  the  intensive  care  patient 
can  develop  intrinsic  positive  end- 
expiratory  pressure  (iPEEP);  that  is, 
the  passive  expiration  is  terminated 
by  the  following  inspiration  before 
the  alveolar  pressure  comes  to  its 
physical  equilibrium  value.  We 
present  a  mathematical  method  to  es- 
timate this  alveolar  dynamic  iPEEP 
breath  by  breath,  without  the  need  of 
a  maneuver.  We  tested  it  in  par- 
alyzed patients  ventilated  for  adult 
respiratory  distress  syndrome  after 
multiple  trauma  and/or  sepsis,  and 
we  compared  the  results  obtained 
with  the  new  mathematical  method 
with  those  from  the  occlusion  meth- 
od introduced  by  Pepe  and  Marini. 
The  results  agreed  well  (median  dif- 
ference of  0.8  mbar  in  201  in- 
vestigations in  12  patients).  How- 
ever, the  mathematically  determined 
values,  representing  dynamic  iPEEP, 
are  systematically  slightly  smaller 
than  those  measured  by  the  occlusion 
maneuver.  A  variation  of  expiratory 


time  suggests  that  this  difference 
might  be  due  to  mechanical  time- 
constant  inhomogeneity.  viscoelastic 
processes,  or  other  mechanisms 
showing  time  dependence. 

Functional  Residual  Capacity  and 
Ventilation  Homogeneity  in  Me- 
chanically Ventilated  Small  Neo- 
nates— CT  Vilstrup,  LJ  Bjorklund, 
A  Larsson,  B  Lachmann,  O  Werner. 
J  Appl  Physiol  1992;73(1):276. 

A  modification  of  a  computerized 
tracer  gas  (SF6)  washout  method  was 
designed  for  serial  measurements  of 
functional  residual  capacity  (FRC) 
and  ventilation  homogeneity  in  me- 
chanically ventilated  very-low  birth- 
weight  infants  with  tidal  volumes 
down  to  4  mL.  The  method,  which 
can  be  used  regardless  of  the  inspired 
On  concentration,  gave  accurate  and 
reproducible  results  in  a  lung  model 
and  good  agreement  compared  with 
He  dilution  in  rabbits.  FRC  was 
measured  during  2-4  cm  H20  of  pos- 
itive end-expiratory  pressure  (PEEP) 
in  15  neonates  (700-1,950  g),  most 
of  them  with  mild-to-moderate  res- 
piratory distress  syndrome.  FRC  in- 
creased with  body  weight  and  de- 
creased (p  <  0.05)  with  increasing  O: 
requirement.  Change  to  zero  end- 
expiratory  pressure  caused  an  im- 
mediate decrease  in  FRC  by  29%  (p 
<  0.01 )  and  gave  FRC  (mL)  =  -1.4  + 
17  x  weight  (kg)  (r  =  0.83).  Five 
minutes  after  PEEP  was  discontinued 
(n  =  12),  FRC  had  decreased  by  a 
further  16%  (p  <  0.01 ).  The  washout 
curves  indicated  a  near-normal  ven- 
tilation homogeneity  not  related  to 
changes  in  PEEP.  This  was  inter- 
preted as  evidence  against  the  pres- 
ence of  large  volumes  of  trapped  al- 
veolar gas. 

Oro-Naso-Pharyngeal  Suction  at 
Birth:  Effects  on  Respiratory  Adap- 
tation of  Normal  Term  Vaginally 
Born  Infants— PC  Estol,  H  Piriz,  S 
Basalo,  F  Simini,  C  Grela.  J  Perinat 
Med  1992;20:297. 


The  effect  of  oro-naso-pharyngeal 
suction  at  birth  on  pulmonary  me- 
chanics is  described  in  a  random  as- 
signed controlled  study  of  40  normal 
term  vaginally  born  infants.  Twenty 
cases  had  their  oro-naso-pharynx 
suctioned  immediately  after  birth  (S 
Group),  whereas  20  were  not  suc- 
tioned in  the  neonatal  period  (NS 
Group).  A  computerized  pneumo- 
tachographic  system  (MECVENT) 
was  used  for  the  assessment  of  res- 
piratory mechanics  (dynamic  com- 
pliance, Cjyn)  and  total  pulmonary  re- 
sistance (R)  in  inspiration  and 
expiration  at  10.  30.  and  120  minutes 
after  birth.  In  both  groups  the  Cdyn  in- 
creased during  the  study  period 
whereas  the  R  decreased,  mainly  in 
the  initial  30  minutes.  No  significant 
differences  were  observed  between  S 
and  NS  groups  for  any  of  the  pa- 
rameters of  respiratory  mechanics. 
The  results  obtained  in  this  study 
provide  no  physiological  basis  to  rec- 
ommend routine  airway  suction  at 
birth  in  normal,  term,  vaginally  born 
infants. 

High-Dose  Epinephrine  in  Adult 
Cardiac  Arrest— IG  Stiell,  PC  He- 
bert.  BN  Weitzman.  GA  Wells.  S 
Raman.  RM  Stark,  et  al.  N  Engl  J 
Med  1992;327:1045. 

BACKGROUND:  Recent  studies 
suggest  that  doses  of  epinephrine  of 
0.1  mg  per  kilogram  of  body  weight 
or  higher  may  improve  myocardial 
and  cerebral  blood  flow  as  well  as 
survival  in  cardiac  arrest.  Such  stud- 
ies have  called  into  question  the  tra- 
ditional dose  of  epinephrine  (0.007 
to  0.014  mg  per  kilogram)  rec- 
ommended for  advanced  cardiac  life 
support.  METHODS:  We  randomly 
assigned  650  patients  who  had  had 
cardiac  arrest  either  in  or  outside  the 
hospital  to  receive  up  to  five  doses  of 
high-dose  (7  mg)  or  standard  dose  (1 
mg)  epinephrine  at  five-minute  inter- 
vals according  to  standard  protocols 
for   advanced   cardiac    life    support. 
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SURVIVING  RDS 
IS  HARD  ENOUGH 


THE  LAST  THING 
HE  NEEDS  IS  IVH 


RDS  SURVIVAL 


M 
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REDUCE  THE  RISK  OF 
CEREBRAL  HEMORRHAGE 


Significant  IVH  Reduction  in 
Infants  >1250g 

Despite  successes  in  improving  the  survival 
of  infants  with  RDS,  intraventricular  hemor- 
rhage (IVH)  remains  a  serious  problem.3  5 
However,  in  a  recently  reported  placebo- 
controlled  rescue  trial  in  infants  >  1250  g, 
EXOSURF  Neonatal  actually  reduced  the 
incidence  of  IVH.2  In  trials  of  smaller  infants 
(<  1250  g),  EXOSURF  Neonatal  has  never 
been  observed  to  significantly  increase  IVH. 


Incidence  of  IVH  (All  Grades) 


22% 

REDUCTION 


(n  =  622) 


Two-dose  treatment.  Incidence  of  IVH  in  infants  weighing 

1250  g  or  more. 

Adapted  from  Long  et  al21"17001 

Significant  BPD  Reduction  in 
Infants  >1250g 

In  the  rescue  trial  involving  over  1200 
infants,  administration  of  EXOSURF  Neonatal 
significantly  reduced  the  incidence  of 
bronchopulmonary  dysplasia  (BPD)  by  nearly 
50%  (P  =  0.021). 


Incidence  of  BPD  Among  RDS  Survivors 

EXOSURF 
NEONATAL 

2.6% 

48% 

DrniirnnN 

(n  =  614) 

(n  =  623) 

P=  0.021 

Two-dose  treatment.  Incidence  of  BPD  in  28-day  survivors 
following  RDS  in  infants  weighing  1 250  g  or  more. 
Adapted  from  Long  et  al21"16991 


No  Increase  in  Sepsis 

No  difference  in  the  incidence  of  sepsis  has 
been  seen  with  EXOSURF  Neonatal  during 
placebo-controlled  trials  (n  =  1517).  The 
rate  of  sepsis  was  similar  in  an  open  trial  of 
11,455  infants.6 

No  Animal  Proteins 

EXOSURF  is  purely  synthetic  and  carries  no 
known  infectious  or  immunologic  risks. 

Other  Safety  Considerations 

Various  forms  of  pulmonary  air  leak  were 
reduced  in  all  controlled  trials.  A  single  con- 
trolled study  in  infants  500-699  g  reported 
a  significant  increase  in  pulmonary  hemor- 
rhage.7 Significant  increases  in  apnea  were 
reported  in  three  controlled  trials.1 28  Apnea 
appears  to  be  a  marker  for  improved  survival.2 


ExOSUrf  NEONATAL 

(Colfosceril  Palmitate,  Cetyi  Alcohol, 

iyiOXcipol)  For  Intratracheal  Suspension/10-mLvial 

INCREASES  RDS  SURVIVAL. 
REDUCES  RISKS 

Please  see  brief  summary  of  full  prescribing  information  on  following  page, 
increased  pulmonary  hemorrhage  was  noted  in  one  trial  of  infants  500-699  g'; 
increased  apnea  has  been  noted  in  some  trials.128 


ExOSUrf  NEONATAL 

(Colfosceril  Palmitate,  Cetyl  Alcohol, 

lylOXcipOi)  For  Intratracheal  Suspension/10-mL  vial 

INCREASES  RDS  SURVIVAL. 
REDUCES  RISKS* 


PLEASE  CONSULT  FULL  PRODUCT  INFORMATION  BEFORE  PRESCRIBING 

INDICATIONS  AND  USAGE:  Exosurf  Neonalal  is  indicated  for  1  Prophylactic 
treatment  of  mlants  with  birth  weights  of  less  than  1350  grams  who  are  at  nsk  of 
developing  RDS  (see  PRECAUTIONS).  2  Prophylactic  treatment  of  infants  with 
birth  weights  greater  than  1350  grams  who  have  evidence  ot  pulmonary  immatun- 
ty,  and  3  Rescue  treatment  of  infants  who  have  developed  RDS. 
CONTRAINDICATIONS:  There  are  no  known  contraindications  to  treatment  with 
Exosurt  Neonatal. 

WARNINGS:  Intratracheal  Administration  Only:  Exosurt  Neonatal  should  be 
administered  only  by  instillation  into  the  trachea  (see  DOSAGE  AND  ADMINIS- 
TRATION). General:  The  use  ol  Exosurt  Neonatal  requires  expert  clinical  care  by 
expenenced  neonatologists  and  other  clinicians  who  are  accomplished  at  neona- 
tal intubation  and  ventilatory  management  Adequate  personnel,  facilities,  equip- 
ment, and  medications  are  required  to  optimize  pennalal  outcome  in  premature 
infants.  Vigilant  clinical  attention  should  be  given  to  all  infants  pnor  to,  dunng,  and 
after  administration  ol  Exosurf  Neonatal  Acute  Effects:  Exosurf  Neonatal  can 
rapidly  affect  oxygenation  and  lung  compliance  Lung  Compliance:  If  chest 
expansion  improves  substantially  after  dosing,  peak  ventilator  inspiratory  pres- 
sures should  be  reduced  immediately,  without  waiting  for  confirmation  of  respira- 
tory improvement  by  blood  gas  assessment  Failure  to  reduce  inspiratory  ventila- 
tor pressures  rapidly  in  such  instances  can  result  in  lung  overdistention  and  fatal 
pulmonary  air  leak  Hyperoxia:  II  the  infant  becomes  pink  and  transcutaneous 
oxygen  saturation  is  in  excess  of  95%,  ROj  should  be  reduced  in  small  but 
repeated  steps  (until  saturation  is  90  to  95%)  without  waiting  for  confirmation  ol 
elevated  artenal  pO-  by  blood  gas  assessment.  Failure  lo  reduce  FiO?  in  such 
instances  can  result  in  hyperoxia  Hypocarbia:  If  arterial  or  transcutaneous  CO? 
measurements  are  <30  ton,  the  ventilator  rate  should  be  reduced  at  once  Failure 
to  reduce  ventilator  rates  in  such  instances  can  result  in  marked  hypocarbia, 
which  is  known  to  reduce  brain  blood  flow  Pulmonary  Hemorrhage:  In  the  sin- 
gle study  conducted  in  infants  weighing  <700  grams  at  birth,  the  incidence  of  pul- 
monary hemorrhage  (10%  vs  2%  in  the  placebo  group)  was  significantly  increased 
in  the  Exosurf  Neonatal  group  None  of  the  five  studies  involving  infants  with  birth 
weights  >700  grams  showed  a  significant  increase  in  pulmonary  hemorrhage  in 
the  Exosurt  Neonatal  group.  In  a  cross-study  analysis  of  these  five  studies,  fatal 
pulmonary  hemorrhage  occurred  in  Ihree  infants,  two  in  the  Exosurf  Neonatal 
group  and  one  in  the  placebo  group  Mortality  from  all  causes  among  infants  who 
developed  pulmonary  hemorrhage  was  43%  in  the  placebo  group  and  37%  in  the 
Exosurf  Neonatal  group  Pulmonary  hemorrhage  in  both  Exosurf  Neonatal  and 
placebo  infants  was  more  frequent  in  infants  who  were  younger,  smaller,  male,  or 
who  had  a  patent  ductus  artenosus  Pulmonary  hemorrhage  typically  occurred  in 
the  first  2  days  of  life  in  both  treatment  groups  Mucous  Plugs:  Infants  whose 
ventilation  becomes  markedly  impaired  dunng  or  shortly  after  dosing  may  have 
mucous  plugging  of  the  endotracheal  tube,  particularly  if  pulmonary  secretions 
were  prominent  pnor  to  drug  administration  Suctioning  of  all  infants  pnor  to  dos- 
ing may  lessen  the  chance  of  mucous  plugs  obstructing  the  endotracheal  tube.  If 
endotracheal  tube  obstruction  from  such  plugs  is  suspected,  and  suctioning  is 
unsuccessful  in  removing  the  obstruction,  the  blocked  endotracheal  tube  should 
be  replaced  immediately 

PRECAUTIONS:  General:  In  the  controlled  clinical  studies,  infants  known  prena- 
tally  or  postnatally  to  have  major  congenital  anomalies,  or  who  were  suspected  of 
having  congenital  infection,  were  excluded  from  entry  However,  these  disorders 
cannot  be  recognized  early  in  lile  in  all  cases,  and  a  few  infants  with  Ihese  condi- 
tions were  entered  The  benefits  of  Exosurf  Neonatal  in  the  affected  infants  who 
received  drug  appeared  to  be  similar  to  the  benefits  observed  m  infants  without 
anomalies  or  occult  infection  Prophylactic  Treatment— Infants  <700  Grams:  In 
infants  weighing  500  to  700  grams,  a  single  prophylactic  dose  of  Exosurf  Neonatal 
significantly:  improved  FiO?  and  ventilator  settings,  reduced  pneumothorax,  and 
reduced  death  Irom  RDS.  but  increased  pulmonary  hemorrhage  (see  WARN- 
INGS) Overall  mortality  did  not  differ  significantly  between  the  placebo  and 
Exosurt  Neonatal  groups  Data  on  multiple  doses  in  infants  in  this  weight  class  are 
not  yet  available  Rescue  Treatment— Number  of  Doses:  A  small  number  of 
infants  with  RDS  have  received  more  than  two  doses  of  Exosurt  Neonatal  as  res- 
cue treatment  Definitive  data  on  the  safety  and  efficacy  of  these  additional  doses 
are  not  available  Carcinogenesis,  Mutagenesis,  Impairment  of  Fertility: 
Exosurt  Neonatal  at  concentrations  up  to  10,000  ng/plate  was  not  mutagenic  in 
the  Ames  Salmonella  assay  Long-term  studies  have  not  been  performed  in  ani- 
mals to  evaluate  the  carcinogenic  potential  of  Exosurf  Neonatal  The  effects  of 
Exosurt  Neonatal  on  fertility  have  not  been  studied 
ADVERSE  REACTIONS: 

General:  Premature  birth  is  associated  with  a  high  incidence  of  morbidity  and 
mortality  Despite  significant  reductions  in  overall  mortality  associaled  with 
Exosurt  Neonatal,  some  infants  who  received  Exosurt  Neonatal  developed  severe 
complications  and  either  survived  with  permanent  handicaps  or  died  In  controlled 
clinical  studies  evaluating  the  safety  and  efficacy  ol  Exosurt  Neonatal,  numerous 
salety  assessments  were  made  In  infants  receiving  Exosurl  Neonatal,  pulmonary 
hemorrhage,  apnea  and  use  of  methylxanthmes  were  increased  A  number  ot 
other  adverse  events  were  significantly  reduced  in  the  Exosurf  Neonalal  group, 
particularly  vanous  lorms  of  pulmonary  air  leak  and  use  of  pancuronium  Reflux: 
Reflux  of  Exosurf  Neonatal  inlo  the  endotracheal  tube  during  dosing  has  been 
observed  and  may  be  associated  with  rapid  drug  administration  II  reflux  occurs, 


drug  administration  should  be  halted  and,  if  necessary,  peak  inspiratory  pressure 
on  the  ventilator  should  be  increased  by  4  to  5  cm  H?0  until  the  endotracheal  tube 
clears.  >20%  Drop  in  Transcutaneous  Oxygen  Saturation:  If  transcutaneous 
oxygen  saturation  declines  dunng  dosing,  drug  administration  should  be  halted 
and,  it  necessary,  peak  inspiratory  pressure  on  the  ventilator  should  be  increased 
by  4  to  5  cm  H;0  for  1  to  2  minutes  In  addition,  increases  ol  FiO?  may  be  required 
for  1  lo  2  minutes 

DOSAGE  AND  ADMINISTRATION:  Preparation  of  Suspension:  Exosurf 
Neonatal  is  best  reconstituted  immediately  before  use  because  it  does  not  contain 
antibactenal  preservatives  However,  the  reconstituted  suspension  is  chemically 
and  physically  stable  when  stored  at  2°  to  30  C  (36°  to  86T)  tor  up  to  12  hours 
following  reconsrjtution  Solutions  containing  buffers  or  preservatives  should  not 
be  used  for  reconsrjtution  Do  Not  Use  Bacteriostatic  Water  for  Injection,  USP. 
Each  vial  of  Exosurf  Neonatal  should  be  reconstituted  only  with  8  mL  of  the 
accompanying  diluent  (preservative-free  Sterile  Water  for  Injection)  Dosage: 
Accurate  determination  of  weight  at  birth  is  the  key  to  accurate  dosing. 
Prophylactic  Treatment:  The  first  dose  of  Exosurf  Neonatal  should  be  adminis- 
tered as  a  single  5  mL/kg  dose  as  soon  as  possible  after  birth  Second  and  third 
doses  should  be  administered  approximately  12  and  24  hours  later  to  all  infants 
who  remain  on  mechanical  ventilation  at  those  times.  Rescue  Treatment: 
Exosurf  Neonatal  should  be  administered  in  two  5  mL/kg  doses.  The  initial  dose 
should  be  administered  as  soon  as  possible  after  the  diagnosis  of  RDS  is  con- 
firmed The  second  dose  should  be  administered  approximately  12  hours  follow- 
ing the  first  dose,  provided  the  infant  remains  on  mechanical  ventilation  Use  of 
Special  Endotracheal  Tube  Adapter:  With  each  vial  of  Exosurf  Neonatal  for 
Intratracheal  Suspension,  five  different  sized  endotracheal  tube  adapters  each 
with  a  special  right  angle  Luer'--lock  sideport  are  supplied  The  adapters  are  clean 
but  not  stenle  Administration:  The  infant  should  be  suctioned  pnor  to  adminis- 
tration of  Exosurf  Neonatal  Exosurt  Neonatal  suspension  is  administered  via  the 
sideport  on  the  special  endotracheal  tube  adapter  WITHOUT  INTERRUPTING 
MECHANICAL  VENTILATION.  Each  Exosurf  Neonatal  dose  is  administered  in 
two  2  5  mL/kg  half-doses  Each  half-dose  is  instilled  slowly  over  1  to  2  minutes 
(30  to  50  mechanical  breaths)  in  small  bursts  timed  with  inspiration  After  the  first 
2.5  mL/kg  half-dose  is  administered  in  the  midline  position,  the  infant's  head  and 
torso  are  turned  45'  to  the  right  for  30  seconds  while  mechanical  ventilation  is 
continued  After  the  infant  is  returned  to  the  midline  position,  the  second  2.5 
mL/kg  half-dose  is  given  in  an  identical  fashion  over  another  1  to  2  minutes  The 
infant's  head  and  torso  are  then  turned  45  to  the  left  for  30  seconds  while 
mechanical  ventilation  is  continued,  and  the  infant  is  then  turned  back  to  the  mid- 
line position  These  maneuvers  allow  gravity  to  assist  in  the  distribution  of  Exosurf 
Neonatal  in  the  lungs  During  dosing,  heart  rate,  color,  chest  expansion,  facial 
expressions,  the  oximeter,  and  the  endotracheal  tube  patency  and  position  should 
be  monitored  Suctioning  should  not  be  performed  for  two  hours  after 
Exosurf  Neonatal  is  administered,  except  when  dictated  by  clinical  neces- 
sity, 

HOW  SUPPLIED:  Exosurt  Neonatal  lor  Intratracheal  Suspension  is  supplied  m  a 
carton  containing  one  10  mL  vial  of  Exosurl  Neonatal  lor  Intratracheal 
Suspension,  one  10  mL  vial  ol  Slenle  Water  for  Injection,  and  five  endotracheal 
tube  adapters  (2.5.  3  0,  3  5,  4  0,  and  4  5  mm  I  D  )  (NDC  0081-0207-01)  Store 
Exosurf  Neonatal  for  Intratracheal  Suspension  at  15  to  30X  [59°  to  86,:F)  in  a 
dry  place 

EDUCATIONAL  MATERIAL:  A  videotape  on  dosing  is  available  from  your 
Burroughs  Wellcome  Co  representative  This  videotape  demonstrates  techniques 
lor  safe  administration  of  Exosurt  Neonatal  and  should  be  viewed  by  health  care 
professionals  who  will  administer  the  drug, 
Licensed  under  U  S  Patent  Nos  4312860  and  4826821  500009 
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Patients  who  collapsed  outside  the 
hospital  received  no  advanced-life- 
support  measures  other  than  de- 
fibrillation before  reaching  the  hos- 
pital. RESULTS:  There  was  no  sig- 
nificant difference  between  the  high- 
dose  group  (n  =  317)  and  the  stan- 
dard-dose group  (n  =  333)  in  the  pro- 
portions of  patients  who  survived  for 
one  hour  ( 1 8  percent  vs  23  percent, 
respectively)  or  who  survived  until 
hospital  discharge  (3  percent  vs  5 
percent).  Among  the  survivors,  there 
was  no  significant  difference  in  the 
proportions  who  remained  in  the  best 
category  of  cerebral  performance 
(90%  vs  94%)  and  no  significant  dif- 
ference in  the  median  MiniMental 
State  score  (36  vs  37).  The  explora- 
tion of  clinically  important  sub- 
groups, including  those  with  out-of- 
hospital  arrest  (n  =  335)  and  those 
with   in-hospital    arrest    (n   =   315), 


ABSTRACTS 


failed  to  identify  any  patients  who 
appeared  to  benefit  from  high-dose 
epinephrine  and  suggested  that  some 
patients  may  have  worse  outcomes 
after  high-dose  epinephrine.  CON- 
CLUSIONS: High-dose  epinephrine 
was  not  found  to  improve  survival  or 
neurologic  outcomes  in  adult  victims 
of  cardiac  arrest. 

A  Comparison  of  Standard-Dose 
and  High-Dose  Epinephrine  in 
Cardiac  Arrest  Outside  the  Hos- 
pital—CG  Brown,  DR  Martin,  PE 
Pepe,  H  Stueven,  RO  Cummins,  E 
Gonzalez,  M  Jastremski,  et  al,  and 
the  Multi-Center  High-Dose  Epi- 
nephrine Study  Group.  N  Engl  J  Med 
1992:327:1051. 

BACKGROUND:  Experimental  and 
uncontrolled  clinical  evidence  sug- 
gests that  intravenous  epinephrine  in 


doses  higher  than  currently  rec- 
ommended may  improve  outcome 
after  cardiac  arrest.  We  conducted  a 
prospective,  multicenter  study  com- 
paring standard-dose  epinephrine 
with  high-dose  epinephrine  in  the 
management  of  cardiac  arrest  outside 
the  hospital.  METHODS:  Adult  pa- 
tients were  enrolled  in  the  study  if 
they  remained  in  ventricular  fibril- 
lation, or  if  they  had  asystole  or 
electromechanical  dissociation,  at 
the  time  the  first  drug  was  to  be 
administered  to  treat  the  cardiac  ar- 
rest. Patients  were  randomly  as- 
signed to  receive  either  0.02  mg  of 
epinephrine  per  kilogram  of  body 
weight  (standard-dose  group,  632 
patients)  or  0.2  mg  per  kilogram 
(high-dose  group,  648  patients),  both 
given  intravenously.  RESULTS:  In 
the  standard-dose  group  190  patients 
(30%)  had  a  return  of  spontaneous 


For  your  convenience,  and  direct  access,  the  advertisers  in 
this  issue  and  their  phone  numbers  are  listed  below.  Please 
use  this  directory  for  requesting  written  material  or  for  any 
question  you  may  have. 
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Bear  Medical  Systems  (1000) 

800-232-7633 
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919-248-3000 

Drager  Inc 

703-817-0100 

800-HAM-MED-l 
800-962-1266 

Impact  Instrumentation  

800-969-0750 

800-955-9525 

Mallinckrodt  Sensor  Systems 

800-262-3654 

Medical  Graphics  Corp 

800-950-5597 

Michigan  Instruments 

800-530-9939 

Nellcor 

....  800-NELLCOR 

800-255-6773 

614-227-3189 

SensorMedics  Corp 

800-231-2466 

800-325-7472 

Transtracheal  Systems 

800-257-2667 

TTC 

TRAINING/  TEST  LUNGS 


The  Proven  Choice  For 
Lung  Simulation...  Designed  to 
realistically  simulate  human 
pulmonary  mechanics  Dynamic 
action  makes  the  TTL  ideal  for 
evaluating  and  demonstrating 
mechanical  ventilation  devices, 
techniques,  and  phenomena. 


Every  unit  meets  strict  specifi- 
cations and  is  individually 
calibrated  to  ensure  years  of 
trouble-free  operation. 

PneuView"  Systems  give 
you  even  more  by  integrating 
an  electronically  instrumented 
TTL  with  a  personal  computer. 

SETTING  NEW  STANDARDS 
WITH  INNOVATIVE 
MEDICAL  EQUIPMENT 


Michigan 
struments 


6300  28th  Street,  S  E 
Grand  Rapids,  Ml  49546 


FAX 
(616)  942-8984 
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...BLOOD  GAS  NETWORKER 

...CLIA  COMPLIANCE  OVERSEER 

...AUTOMATED  QC  MANAGER 

...ON-LINE  RECORD  KEEPER 

...CUSTOMIZED  REPORT  WRITER 

...PREVENTIVE  MAINTENANCE  MINDER 

...ACCUTRAK  DIRECT  REPORTER 


THE  II  IMPACT 
BIOOD  GAS  DATA 
MANAGEMENT 
SYSTEM 

IMPACT  NETWORKING  INCREASES 
LAB  EFFICIENCY 

The  NEW  Instrumentation  Laboratory 
IMPACT™  Blood  Gas  Data  Manage- 
ment System  is  a  totally  automated 
quality  assurance  system.  Its  low-cost 
networking  capability  allows  you  to 
collect  data  from  multiple  IL  blood  gas 
and  CO-Oximeter™  analyzers.  Store 
the  results  in  one  location.  Direct 
information  wherever  it's  needed.  This 
simplifies  QC  and  maintenance  moni- 
toring and  increases  the  efficiency  of 
your  lab. 

IMPACT  QC  MANAGEMENT  SIMPLIFIES 
CLIA  COMPLIANCE 
The  IMPACT™  system  simplifies 
CLIA  compliance  for  you  as  well.  It's 
designed  to  make  CLIA  compliance 
effortless  and  efficient.  The  system 
captures  patient,  QC,  calibration  and 
maintenance  data  and  automatically 
produces  all  the  quality  control  docu- 
ments and  reports  you  need  for  labo- 
ratory accreditation  and  certification. 
IMPACT  SYSTEM  IS  EXCEPTIONALLY 
EASY  TO  USE 

The  system  is  exceptionally  easy  to 
use.  Patient  data  entry  involves  only 
one  screen.  You  simply  enter  a  pass- 
word and  the  patient's  last  name  or 
ID  number.  Calibration  and  routine 
maintenance  data  are  captured,  and 
reports  are  generated  as  required  — 
all  automatically.  Incidentally,  if  you'd 
like  to  see  how  your  statistics  com- 
pare with  other  labs,  you  can  mail 
your  QC  statistics  directly  to  the  IL 
AccuTrak®  Statistics  Services  Center. 

For  efficient  networking,  auto- 
mated QC  management,  and  CLIA 
compliance,  contact  your  IL  represen- 
tative, or  call  toll  free:  1-800-955-9525. 
And  ask  for  your  free 
copy  of  our  CLIA 
handbook 
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Earn  Continuing  Education  Credit  With 
the  1993  A  ARC  Videoconferences 

At  a  New  Low  Price 

Six  New  Programs  for  Only  $795 

(AARC  Members  -  $745) 

$295  per  program  (AARC  Member  $275) 

With  the  1993  Professor's  Rounds  in  Respiratory  Care  series,  your  staff  can  earn  up  to  six 
continuing  education  credits  without  leaving  your  institution.  The  series  features  four  clinically 
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ABSTRACTS 


circulation,  as  compared  with  217 
patients  (33%)  in  the  high-dose 
group;  136  patients  (22%)  in  the 
standard-dose  group  and  145  patients 
(22%)  in  the  high-dose  group  sur- 
vived to  be  admitted  to  the  hospital. 
Twenty-six  patients  (4%)  in  the  stan- 
dard-dose group  and  31  (5%)  in  the 
high-dose  group  survived  to  dis- 
charge from  the  hospital.  Ninety-two 
percent  of  the  patients  discharged  in 
the  standard-dose  group  and  94  per- 
cent in  the  high-dose  group  were 
conscious  at  the  time  of  hospital  dis- 
charge. None  of  the  differences  in 
outcome  between  the  groups  were 
statistically  significant.  CONCLU- 
SIONS: In  this  study,  we  were  un- 
able to  demonstrate  any  difference  in 
the  overall  rate  of  return  of  spontane- 
ous circulation,  survival  to  hospital 
admission,  survival  to  hospital  dis- 
charge, or  neurologic  outcome  be- 
tween patients  treated  with  a  stan- 
dard dose  of  epinephrine  and  those 
treated  with  a  high  dose. 

Improved  Outcome  of  Respiratory 
Syncytial  Virus  Infection  in  a 
High-risk  Hospitalized  Population 
of  Canadian  Children — L  Navas,  E 

Wang,  V  de  Carvalho,  J  Robinson, 
and  the  Pediatric  Investigators  Col- 
laborative Network  on  Infections  in 
Canada.  J  Pediatr  1992;121(3):348. 

PURPOSE:  To  determine  the  out- 
comes in  children  at  high  risk  for 
death  or  complications  from  res- 
piratory disease  who  are  hospitalized 
with  respiratory  syncytial  virus 
(RSV)  infection.  DESIGN:  Retro- 
spective chart  review.  SETTING: 
Twelve  pediatric  tertiary  care  cen- 
ters. PATIENTS:  All  hospitalized 
children  with  an  RSV  infection  di- 
agnosed by  a  positive  antigen  de- 
tection test  result  or  viral  isolation 
during  the  study  period  from  1988  to 
1991,  encompassing  three  winter 
seasons.  Charts  from  patients  in  the 
following  high-risk  groups  were  re- 
viewed in  detail:  (1)  congenital  heart 


disease,  (2)  chronic  lung  disease,  (3) 
immunodeficiency,  (4)  age  <  6  weeks, 

(5)  gestational  age  <  36  weeks,  and 

(6)  hypoxia  defined  as  oxygen  sat- 
uration <  90%  or  arterial  oxygen 
pressure  <  60  mm  Hg).  MEASURE- 
MENTS. The  age  of  all  children,  the 
date  of  RSV  identification,  and  the 
use  of  oxygen  supplementation,  in- 
tensive care,  and  ventilatory  support. 
In  addition,  the  duration  of  these 
treatments  and  the  duration  of  hos- 
pitalization were  noted.  Left-to-right 
shunting  and  pulmonary  hyperten- 
sion before  RSV  infection  were  de- 
termined in  those  children  with  con- 
genital heart  disease.  The  nature  of 
the  chronic  lung  disease  was  noted. 
Death  within  2  weeks  of  RSV  iden- 
tification was  recorded,  and  the  use 
of  ribavirin,  bronchodilators,  and 
corticosteroids  was  determined.  RE- 
SULTS: Significant  year-to-year 
variation  in  the  frequency  of  RSV 
infection  was  confirmed,  with  a  peak 
during  the  1989-1990  winter  noted 
by  the  majority  of  centers  (p  = 
0.0001).  Of  the  1,584  patients  in  the 
study,  260  had  underlying  cardiac 
disease,  200  had  chronic  lung  dis- 
ease, 35  had  compromised  immune 
function,  378  had  been  premature, 
373  were  <  6  weeks  to  age,  and  338 
had  hypoxia.  Seventeen  patients  died 
within  2  weeks  (mortality  rate  1%); 
significantly  more  patients  with  un- 
derlying cardiac  disease  (3.4%)  or 
lung  disease  (3.5%)  died.  Immu- 
nocompromised patients  had  the 
longest  hospital  stay  (median  39 
days),  followed  by  those  patients 
with  underlying  cardiac  or  pul- 
monary disease. 

Respiratory  Syncytial  Virus  Mor- 
bidity and  Mortality  Estimates  in 
Congenital  Heart  Disease  Patients: 
A  Recent  Experience — FW  Moler, 
AS  Khan,  JN  Meliones,  JR  Custer,  J 
Palmisano,  TC  Shope.  Crit  Care  Med 
1992:20:1406.  Related  Editorial: 
Pollack  MM.  An  RSVP  to  RSV  (Res- 
piratory Syncytial  Virus):  Declining 
Mortality  Rates.  Crit  Care  Med 
1992:20(10):  1375. 


OBJECTIVE:  To  determine  recent 
morbidity  and  mortality  rates  from 
respiratory  syncytial  virus  infection 
in  a  pediatric  congenital  heart  dis- 
ease population.  DESIGN:  Retro- 
spective cohort  study  design.  SET- 
TING: The  CS  Mott  Children's  Hos- 
pital University  of  Michigan  Medical 
Center.  PATIENTS:  A  total  of  740 
pediatric  patients  hospitalized  at  the 
University  of  Michigan  Medical 
Center  for  symptomatic  respiratory 
syncytial  virus  infection,  of  whom, 
79  patients  had  clinically  important 
congenital  heart  disease.  INTERVEN- 
TIONS: None.  MEASUREMENTS  & 
MAIN  RESULTS:  We  retrospectively 
examined  the  charts  of  740  patients 
hospitalized  at  our  children's  hos- 
pital from  July  1,  1983  to  June  30, 
1990  with  symptomatic  respiratory 
syncytial  virus  infection  to  assess 
morbidity  and  mortality  outcomes. 
Seventy-nine  patients  had  congenital 
heart  disease  and  40  of  these  patients 
had  pulmonary  hypertension.  For  the 
entire  cohort  and  a  subset  of  patients 
with  community-acquired  infection, 
those  patients  with  congenital  heart 
disease  had  longer  durations  of  hos- 
pitalization and  greater  need  for,  and 
days  of,  both  intensive  care  and  me- 
chanical ventilation  than  patients 
without  congenital  heart  disease. 
Mortality  risk  for  respiratory  syn- 
cytial virus  community-acquired  in- 
fection was  not  different  for  congen- 
ital heart  disease  vs  non-congenital 
heart  disease  patients  (0.0%  vs  0.2%; 
p  =  1.00).  When  examining  only  pa- 
tients with  congenital  heart  disease, 
those  patients  with  pulmonary  hyper- 
tension had  increased  hospital  days 
and  greater  intensive  care  and  me- 
chanical ventilation  durations  com- 
pared with  patients  without  this  diag- 
nosis. The  overall  mortality  rate  was 
low  and  was  equally  low  for  con- 
genital heart  disease  groups  with  or 
without  pulmonary  hypertension  (2.6 
vs  2.6).  For  community-acquired  ill- 
ness, no  mortality  was  found  in 
either  congenital  heart  disease  group. 
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Dual  Pressure  Monitoring  ... 

Dual  site  pressure  measurement 
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When  the  cohort  of  congenital  heart 
disease  patients  was  divided  into  pre- 
and  postribavirin  administration  eras, 
no  differences  in  mean  hospital  dura- 
tion, ICU  days,  and  mechanical  ven- 
tilation days  were  noted.  Of  the  79 
congenital  heart  disease  patients, 
only  two  died  during  their  hospital- 
ization in  which  respiratory  syncytial 
virus  infection  occurred.  Both  pa- 
tients had  nosocomial-acquired  res- 
piratory syncytial  virus  and  both 
were  from  the  postribavirin  admin- 
istration cohort.  One  of  these  two 
patients  had  received  antiviral  ther- 
apy. Neither  death  was  secondary  to 
respiratory  syncytial  virus  respir- 
atory failure  (based  on  pathologic 
examination).  CONCLUSIONS:  We 
conclude  that  respiratory  syncytial 
virus  mortality  risk  in  pediatric  pa- 
tients with  congenital  heart  disease  is 
less  than  the  risk  reported  a  decade 
ago.  Respiratory  syncytial  virus 
infection  in  congenital  heart  disease 
patients  with  pulmonary  hyper- 
tension is  associated  with  increased 
morbidity  but  not  increased  mortality 
rates.  The  markedly  decreased  res- 
piratory syncytial  virus  mortality  risk 
in  patients  with  congenital  heart 
disease  currently  experienced  is 
likely  secondary  to  improvements  in 
intensive  care  management  and  ad- 
vances in  the  surgical  correction  in 
this  population  rather  than  antiviral 
therapy. 

Mean  Airway  Pressure:  Physio- 
logic Determinants  and  Clinical 
Importance — Part  1:  Physiologic 
Determinants  and  Measure- 
ments— JJ  Marini.  SA  Ravenscraft. 
Crit  Care  Med  1992;20:1461. 

PURPOSES:  To  discuss  the  theo- 
retical relationship  of  mean  alveolar 
pressure  to  its  most  easily  measured 
analog,  the  mean  airway  pressure, 
and  to  describe  the  key  determinants, 
measurement  considerations,  and  clini- 
cal implications  of  this  index.  DATA 
SOURCES:    Relevant   articles   from 


the  medical  and  physiologic  lit- 
erature, as  well  as  mathematical  ar- 
guments developed  in  this  article 
from  first  principles.  STUDY  SE- 
LECTION: Theoretical,  experiment- 
al, and  clinical  information  that  elu- 
cidates the  physiologic  importance, 
measurement,  or  adverse  conse- 
quences of  mean  airway  pressure. 
DATA  EXTRACTION:  Mathemat- 
ical models  were  used  in  conjunction 
with  data  from  the  published  lit- 
erature to  develop  a  unified  de- 
scription of  the  physiological  and 
clinical  relevance  of  mean  airway 
pressure.  SYNTHESIS:  Geometrical 
and  mathematical  analyses  demon- 
strate that  shared  elements  comprise 
mean  airway  pressure  and  mean  al- 
veolar pressure,  two  variables  that 
are  related  by  the  formula:  mean  al- 
veolar pressure  =  mean  airway  pres- 
sure +  (W60)  x  (Re  -  Ri),  where  \fe. 
Re.  and  Ri  are  minute  ventilation  and 
expiratory  and  inspiratory  re- 
sistances, respectively.  Clear  guide- 
lines can  be  developed  for  selecting 
the  site  of  mean  airway  pressure  de- 
termination, for  specifying  technical 
requirements  for  mean  airway  pres- 
sure measurement,  and  for  de- 
lineating clinical  options  to  adjust 
the  level  of  mean  airway  pressure. 
Problems  in  viewing  mean  airway 
pressure  as  a  reflection  of  mean  al- 
veolar pressure  can  be  interpreted 
against  the  theoretical  basis  of  their 
interrelationship.  In  certain  settings, 
mean  airway  pressure  closely  relates 
to  levels  of  ventilation,  arterial  oxy- 
genation, cardiovascular  function, 
and  barotrauma.  Because  mean  air- 
way pressure  is  associated  with  both 
beneficial  and  adverse  effects,  a  thor- 
ough understanding  of  its  theoretical 
and  practical  basis  is  integral  to  for- 
mulating an  effective  pressure  tar- 
geted strategy  of  ventilatory  support. 
CONCLUSIONS:  Mean  airway  pres- 
sure closely  reflects  mean  alveolar 
pressure,  except  when  flow-resistive 
pressure  losses  differ  greatly  for  the 
inspiratory  and  expiratory  phases  of 


the  ventilatory  cycle.  Under  condi- 
tions of  passive  inflation,  mean  air- 
way pressure  correlates  with  alveolar 
ventilation,  arterial  oxygenation,  he- 
modynamic performance,  and  bar- 
otrauma. We  encourage  wider  use  of 
this  index,  appropriately  measured 
and  interpreted,  as  well  as  its  in- 
corporation into  rational  strategies 
for  the  ventilatory  management  of 
critical  illness. 

A  Controlled  Trial  of  Scheduled 
Replacement  of  Central  Venous 
and  Pulmonary-Artery  Cath- 
eters—DK  Cobb,  KP  High.  RG 
Sawyer,  CA  Sable,  RB  Adams,  DA 
Lindley,  et  al.  N  Engl  J  Med 
1992:327:1062. 

BACKGROUND:  The  incidence  of 
infection  increases  with  the  pro- 
longed use  of  central  vascular  cath- 
eters, but  it  is  unclear  whether  chang- 
ing catheters  every  three  days,  as 
some  recommend,  will  reduce  the 
rate  of  infection.  It  is  also  unclear 
whether  it  is  safer  to  change  a  cath- 
eter over  a  guide  wire  or  insert  it  at  a 
new  site.  METHODS:  We  conducted 
a  controlled  trial  in  adult  patients  in 
intensive  care  units  who  required 
central  venous  or  pulmonary-artery 
catheters  for  more  than  3  days.  Pa- 
tients were  assigned  randomly  to  un- 
dergo one  of  four  methods  of  cath- 
eter exchange:  replacement  every 
three  days  either  by  insertion  at  a 
new  site  (Group  1 )  or  by  exchange 
over  a  guide  wire  (Group  2),  or  re- 
placement when  clinically  indicated 
either  by  insertion  at  a  new  site 
(Group  3)  or  by  exchange  over  a 
guide  wire  (Group  4).  RESULTS:  Of 
the  160  patients.  5%  had  catheter- 
related  bloodstream  infections.  16% 
had  catheters  that  became  colonized, 
and  97c  had  major  mechanical  com- 
plications. The  incidence  rates  (per 
1.000  days  of  catheter  use)  of  blood- 
stream infection  were  3  in  Group  1,  6 
in  Group  2.  2  in  Group  3,  and  3  in 
Group    4;    the    incidence    rates    of 
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mechanical  complications  were  14, 
4,  8,  and  3,  respectively.  Patients  ran- 
domly assigned  to  guide-wire  as- 
sisted exchange  were  more  likely  to 
have  bloodstream  infection  after  the 
first  three  days  of  catheterization 
(6%  vs  0.  p  =  0.06).  Insertions  at 
new  sites  were  associated  with  more 
mechanical  complications  (5%  vs 
1%,  p  =  0.005).  CONCLUSIONS: 
Routine  replacement  of  central  vas- 
cular catheters  every  3  days  does  not 
prevent  infection.  Exchanging  cath- 
eters with  the  use  of  a  guide  wire 
increases  the  risk  of  bloodstream 
infection,  but  replacement  involving 
insertion  of  catheters  at  new  sites 
increases  the  risk  of  mechanical 
complications. 

Infectious  and  Mechanical  Com- 
plications of  Central  Venous  Cath- 
eters Placed  by  Percutaneous  Veni- 


puncture and  over  Guidewires — 

MT  Hagley,  B  Martin,  P  Gast,  SM 
Traeger.  Crit  Care  Med  1992:20: 
1426. 

OBJECTIVE:  To  compare  the  fre- 
quency of  infectious  and  mechanical 
complications  of  central  venous  and 
pulmonary  artery  catheters  placed  by 
initial  venipuncture  vs  over  a  guide- 
wire  at  existing  sites.  HYPOTH- 
ESIS: Exchange  of  central  venous 
catheters  and  pulmonary  artery  cath- 
eters over  a  guidewire  as  opposed  to 
fresh  venipuncture  reduces  mechan- 
ical complications  without  increasing 
risk  of  infection.  DESIGN:  Chart 
audit.  PATIENTS:  Medical,  surgical, 
and  coronary  ICU  patients  requiring 
invasive  monitoring  or  central  ve- 
nous access.  INTERVENTIONS:  Pa- 
tients requiring  prolonged  cathe- 
terization   underwent    periodic    ex- 


change of  catheters  over  a  guidewire. 
Rates  of  catheter  related  infections 
and  mechanical  complications  were 
determined  for  central  venous  cath- 
eters placed  by  initial  venipuncture 
and  those  catheters  placed  by  guide- 
wire  exchange.  MEASUREMENTS 
&  MAIN  RESULTS:  Over  a  12-mo 
period,  939  catheters  were  inserted  in 
454  patients.  Of  these  939  catheters, 
534  were  placed  by  guidewire 
exchange.  Use  of  a  guidewire  was 
associated  with  a  decreased  fre- 
quency of  pneumothorax  and  hemo- 
thorax compared  with  initial  veni- 
puncture (0/405  [0%]  vs  7/534 
[1.3%],  respectively;  p  <  0.05)  but 
not  with  increased  risk  of  infection 
(9/405  [2.2%]  vs  14/534  [2.6%], 
respectively;  NS).  Guidewire-facil- 
itated  replacement  of  multiple  con- 
secutive catheters  at  the  same  site  did 
not    increase    the    risk    of  catheter- 
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related  infection.  Catheters  placed 
via  internal  jugular  veins  were  more 
likely  to  become  infected  than  cath- 
eters placed  via  subclavian  veins  ( 17/ 
477  [3.6%]  vs  3/430  [0.7%],  respec- 
tively; p  <  0.01).  CONCLUSIONS: 
When  prolonged  central  venous  or 
pulmonary  artery  catheterization  is 
necessary,  periodic  catheter  re- 
placement over  a  guidewire  is  as- 
sociated with  fewer  mechanical  com- 
plication than  initial  venipuncture. 
Periodic  catheter  replacement  over  a 
guidewire  is  also  associated  with  no 
increase  in  risk  of  infection. 

Inhaled  Nitric  Oxide  in  Persistent 
Pulmonary  Hypertension  of  the 
Newborn — JD  Roberts,  DM  Polan- 
er,  P  Lang,  WM  Zapol.  Lancet 
1992:340:818. 

Nitric  oxide  (NO)  has  vasodilatory 
effects  on  the  pulmonary  vasculature 
in  adults  and  animals.  We  examined 
the  effects  on  systemic  oxygenation 
and  blood  pressure  of  inhaling  up  to 
80  parts  per  million  by  volume  of 
NO  at  Fio:  0.9  for  up  to  30  minutes 
by  6  infants  with  persistent  pul- 
monary hypertension  of  the  newborn 
(PPHN).  In  all  infants  this  treatment 
rapidly  and  significantly  increased 
preductal  oxygen  saturation  (Spoi); 
in  5  infants  postductal  Spo:  and  oxy- 
gen tensions  also  increased.  Inha- 
lation of  NO  did  not  cause  systemic 
hypotension  or  raise  methaemo- 
globin.  These  data  suggest  that  low 
levels  of  inhaled  NO  have  an  impor- 
tant role  in  the  reversal  of  hypox- 
aemia  due  to  PPHN. 

Normobaric  Measurement  of  Ar- 
terial Oxygen  Tension  in  Subjects 
Exposed  to  Hyperbaric  Oxygen — 

LK  Weaver,  S  Howe.  Chest  1992; 
102:1175. 

This  study  demonstrates  the  ability 
of  an  automated  blood  gas  analyzer 
(Radiometer  ABL  330)  operated  at 
atmospheric  pressure  to  measure  the 


arterial  oxygen  tension  (Pao?)  of  ten 
healthy  volunteers  exposed  to  hyper- 
baric oxygen  (HBO:)  up  to  3.0  at- 
mospheres absolute.  Arterial  blood 
samples  were  aspirated  from  subjects 
compressed  in  a  single-person  hyper- 
baric chamber  amd  were  analyzed 
immediately  in  the  blood  gas  ana- 
lyzer. The  subjects'  values  for  Pao: 
correlated  with  the  calculated  alveo- 
lar O;  tension  (Pao:)  (measured  Pao: 
=  0.827  x  PAO:  -  15.1)  (r-=  0.97). 
Tonometric  experiments  indicated  a 
difference  between  saline  and  blood 
Po:  measurements.  We  therefore  de- 
rived a  correction  factor  for  blood 
measurements  (corrected  Pao:  = 
0.908  x  PAO:  -  52.4)  (r-  =  0.98). 
These  results  compared  favorably 
with  Pao:  measurements  made  with 
blood  gas  analyzers  calibrated  inside 
walk-in  hyperbaric  chambers.  We 
conclude  that  the  Pao:  of  normal  sub- 
jects exposed  to  HBO2  can  be  meas- 
ured accurately  at  atmospheric  pres- 
sure with  this  automated  blood  gas 
analyzer.  Prior  to  this  study,  hyper- 
baric Pao:  measurements  could  only 
be  performed  within  walk-in  cham- 
bers. Our  observations  generalize  the 
normobaric  measurement  of  hyper- 
baric Pao:  to  patients  treated  in  sin- 
gle-person and  walk-in  chambers. 

Placebo-Controlled  Trial  of  Pred- 
nisolone in  Children  Intubated  for 
Croup — J  Tibballs,  FA  Shann,  LI 
Landau.  Lancet  1992:340:745. 

Many  studies  have  attempted  to  find 
out  whether  steroid  treatment  is  ben- 
eficial in  children  with  croup,  but  the 
results  have  been  inconclusive.  We 
have  done  a  prospective  placebo- 
controlled  study  of  the  effect  of  pred- 
nisolone on  two  clinical  endpoints — 
the  duration  of  intubation  and  the 
need  for  reintubation.  Reasons  for 
exclusion  were  age  under  6  months, 
congenital  airway  anomalies,  and 
previous  intubation.  70  eligible  chil- 
dren were  randomly  assigned  treat- 
ment  with   prednisolone    1    mg/kg 


(n  =  38)  or  placebo  (n  =  32)  every 
12  h  given  by  nasogastric  tube  until 
24  h  after  extubation.  II  (34%) 
placebo-treated  and  only  2  (5%) 
prednisolone-treated  patients  re- 
quired reintubation  after  accidental 
or  elective  extubation  (p  =  0.004, 
Fisher's  exact  test;  odds  ratio  8.9, 
95%  confidence  interval  1.7-59.3). 
Survival  analysis  with  log-normal  re- 
gression showed  that  the  duration  of 
intubation  was  shorter  with  steroid 
therapy  (p  <  0.003)  and  increasing 
age  (p  <  0.02),  but  was  not  in- 
fluenced by  endotracheal  tube  size  or 
abnormality  on  chest  radiograph. 
The  median  duration  of  intubation 
was  138  (95%  CI  1 18-160)  h  in  chil- 
dren who  received  placebo  and  98 
(85-1 13)  h  in  the  prednisolone  group. 
Steroid  therapy  reduces  the  duration 
of  intubation  and  the  need  for  re- 
intubation in  children  intubated  for 
croup. 
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Editorials 


Retrospectroscope  Redux:  Peering  Once  More 
into  Dr  Comroe's Wonderful  Instrument 


In  the  mid-1960s,  an  inhalation  therapy  depart- 
ment's library,  if  it  existed,  probably  offered  four  to 
six  reference  texts.  Of  these,  the  'big  four'  often 
were  referred  to  by  the  colors  of  their  covers: 

"Hey,  Joe.  Is  it  residual  capacity — or 
residual  volume? 

"I  forget.  Look  in  the  brown  book — or 
the  green  one." 

If  you  were  feeling  semi-formal,  then  you'd  call 
the  book  by  the  name  of  its  principal  author.  The 
blue  one  was  "Safar."'  The  brown  cover  was  "Corn- 
roe."2  Green  was  another  "Comroe,"3 — and  red  was 
"Bendixen."4  As  can  be  seen,  half  of  the  'big  four' 
were  books  by  Comroe.  They  were  The  Lung  [its 
short  title],  by  Comroe  and  others,  and  Physiology  of 
Respiration,  by  Comroe  alone.  The  latter,  especially, 
was  (and  is)  a  model  textbook:  good  organization, 
clear  writing,  useful  graphics.  Thus,  Comroe's  name 
came  up  pretty  often  in  those  days.  Now,  more  than 
25  years  later,  in  this  issue  of  Respiratory  Care  we're 
bringing  it  up  again. 

Julius  H  Comroe  Jr  MD  (to  give  him  the  full 
treatment)  was  a  pioneer  and  giant  in  pulmonary 
physiology  whose  contributions  to  the  literature  ap- 
peared from  the  1930s  to  1980.  The  descriptors 
"giant"  and  "pioneer"  do  not  seem  excessive  when 
you  look  at  some  of  the  highlights  of  Comroe's  pub- 
lications. Proceeding  chronologically,  we  find  him 
writing  on  aortic  chemoreceptors  (1939),3  chemical 
and  electrical  stimulation  of  the  respiratory  center 
(1943),''  the  hyperpnea  of  exercise  (1944),'  oxygen 
toxicity  at  sea  level  and  at  18,000  feet  (1945),R  ar- 
tificial respiration  (1946),9  pulmonary  function  tests 
(1950),1"  standardized  definitions  and  symbols  in 
respiratory  physiology  (1950)"  (our  colleague  Fred 


Helmholz — still  active  today — was  a  coauthor),  men- 
tal changes  in  chronically  hypoxemic  patients  dur- 
ing oxygen  therapy  (1950),'"  the  physiologic  basis 
for  oxygen  therapy  (1950),11  detection  of  uneven  al- 
veolar ventilation  during  a  single  breath  of  oxygen 
(1951), 14  a  single  method  of  concurrent  measure- 
ment of  compliance  and  resistance  to  breathing 
(1954),1:>  dyspnea  (1956),"'  tissue  oxygen  tension 
(1957),17  design  of  a  body  plethysmograph  for  study- 
ing cardiopulmonary  physiology  (1959),1M  the 
brown  book  (1959  and  1962),2  tobacco  and  health 
(1962),19  the  unreliability  of  cyanosis  in  the  recogni- 
tion of  arterial  hypoxemia  (1964),2"  and  the  green 
book  (1965).3 

Obviously,  Dr  Comroe  was  interested  in  every  as- 
pect of  pulmonary  physiology.  In  addition,  he  was 
much  involved  in  medical  education,  serving  as  Pro- 
fessor of  Physiology,  first  at  the  Graduate  School  of 
Medicine  in  Philadelphia  and  later  at  the  University 
of  California  in  San  Francisco.  At  the  latter  medical 
center  he  also  founded  and  long  directed  the  world- 
famous  Cardiovascular  Research  Institute,  popularly 
known  as  the  CVRI. 

As  a  medical  educator,  in  1961  Comroe  was 
Chairman  of  that  year's  gathering  called  the  Amer- 
ican Medical  College's  Institute.  His  introductory  re- 
marks to  the  Institute  included  some  comments  on 
recent  changes  in  facilities  for  research.  "Scientists 
who  formerly  merely  observed,"  he  said,  "now  use 
elaborate  and  expensive  apparatus  such  as  the  fluo- 
roscope,  the  electron  microscope,  the  ultraviolet  mi- 
croscope, the  mass  spectrometer,  the  infrared  spec- 
troscope, and  the  cathode  ray  oscilloscope  .  .  . 
though  some,  I  am  told,  still  depend  largely  on  the 
horoscope  and  retrospectroscope."21  When  Com- 
roe's introduction  was  published,  a  sketch  of  the  ret- 
rospectroscope was  included,  which  is  reproduced 
here. 
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Dr  Comroe's  Retrospectroscope.  Reproduced,  with  permission, 
from  J  Med  Educ,  Dec  1962,  Part  2,  Page  6.  (The  former  Jour- 
nal of  Medical  Education  is  now  called  Academic  Medicine.) 

After  briefly  being  glimpsed  in  the  early  1960s, 
the  retrospectroscope — a  wonderful  device  for  look- 
ing into  the  past — disappeared  from  view  (so  far  as  I 
know)  for  more  than  a  dozen  years. 

However,  the  retrospectroscope  had  not  been 
forgotten.  In  1975,  Comroe,  now  retired  from  the 
CVRI,  found  time  to  make  use  of  it.  To  readers  of 
the  America?!  Review  of  Respiratory  Disease,  he  her- 
alded the  value  of  the  retrospectroscope  in  these 
words:  "I  now  use  this  instrument  frequently — not 
to  collect  data,  nor  to  establish  priority  for  long- 
forgotten  scientists  who  "did  it  first,"  nor  to  dimin- 
ish the  lustre  of  a  later  scientist  who  really  re- 
discovered the  same  methods,  facts,  and  concepts 
and  is  now  credited  with  the  original  discovery. 
Rather,  I  use  it  to  analyze  the  complex  processes  of 
biomedical  discovery  and  rediscovery  and  the  lag  be- 
tween the  two,  and  the  lag  between  rediscovery  and 
full  application  to  clinical  medicine  and  surgery. 
What  led  to  the  original  discovery?  Was  it  applied 
promptly  or  was  there  a  long  lag  between  discovery 
and  application?  In  either  case,  why ?  Santayana  said 
"Those  who  cannot  remember  the  past  are  con- 
demned to  repeat  it."  Can  we  learn  from  the  Ret- 
rospectroscope how  to  identify  promptly  which  dis- 
coveries are  destined  to  be  important  for  clinical 
advance  and  how  to  speed  their  application?"22 

With  that  explanation  of  his  employment  of  the 
retrospectroscope,  Comroe  went  on  in  the  same  is- 


sue of  Am  Rev  Respir  Dis  to  report  what  the  in- 
strument had  revealed  about  the  use  of  carbon 
monoxide  for  measuring  pulmonary  diffusing  cap- 
city.  The  story  ranges  from  1881  to  1957.  The  big 
question  is,  Why,  when  the  basic  information  had 
been  reported  by  1915,  did  it  take  until  the  mid- 
1950s  for  the  single-breath  CO  test  to  become  fully 
realized?"' 

You,  sir,  say  you  read  that  first  Retrospectroscope 
feature  back  in  1975,  but  you've  forgotten  how  the 
mystery  worked  out?  And  you,  ma'am,  say  you  were 
10  years  old  in  1975  and  couldn't  even  spell  carbon 
monoxide?  Well,  we  have  a  deal  for  both  of  you. 
That  first  Retrospectroscope  is  reprinted  in  this  is- 
sue of  Respiratory  Care  in  a  new  feature  called  Clas- 
sic Reprints  (see  Page  141). 

Dr  Comroe  kept  using  his  unique  scope  and  re- 
porting his  results  in  Am  Rev  Respir  Dis  for  a  number 
of  years.  Now  the  American  Lung  Association  has 
given  us  permission  to  bring  back  some  of  those 
Retrospectroscopes,  and  we  plan  to  offer  at  least  a 
dozen.  You'll  find  that  Julius  Comroe  was  a  good 
writer,  a  wit,  and  a  person  of  good  humor.  Partly, 
he's  in  the  tradition  of  those  earlier  writers  on  med- 
ical topics,  Osier  and  Haldane.  He  also  brings  to 
mind  our  contemporary,  Lewis  Thomas  (The  Biol- 
ogy Watcher)  and  even  James  Burke,  who  uses  a  ret- 
rospectroscopic  technique  in  his  TV  series  Connec- 
tions and  The  Day  the  Universe  Changed.  High  praise, 
seriously  given. 

That  means  you  can  expect  to  enjoy  yourself  as 
you  read  the  Retrospectroscopes  in  this  and  future 
issues. 

Phil  Kittredge  RRT 
Adjunct  Editor 
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Pressure-Control  Ventilation  with  a  Puritan-Bennett 

7200a  Ventilator:  Application  of  an  Algorithm 

and  Results  in  14  Patients 

William  R  Howard  MBA  RRT 


BACKGROUND:  Previously  published  reports  imply  that  the  beneficial  effects 
of  pressure-control  ventilation  (PCV)  depend  on  the  use  of  inverse  inspiratory - 
to-expiratory-time  ratios  (I:E)  greater  than  those  used  during  conventional  ven- 
tilation (CMV,  volume-cycled  assist-control  or  intermittent  mandatory  ventila- 
tion). RESEARCH  QUESTIONS:  Can  PCV  provide  Pa02  and  Paco2  comparable 
to  CMV  at  lower  peak  inflating  pressure  (Pa»-pcak),  positive  end-expiratory  pres- 
sure (PEEP),  fractional  concentration  of  inspired  oxygen  (F102),  and  minute  ven- 
tilation (Vfe)?  Is  an  inverse  I:E  necessary  to  obtain  the  comparable  Pa02  and 
PaCOz?  SUBJECTS  &  METHOD:  We  ventilated  14  patients  on  PCV  (via 
Puritan-Bennett  7200a  )  who  had  required  F102  ^  0-40  and  Pa«-peak  >  40  cm  H2O 
on  CMV  for  >  24  hours  and  whose  clinical  condition  had  failed  to  improve  as  re- 
flected by  unchanged  or  deteriorating  compliance,  chest  radiograph,  Pao:,  and 
PaC02-  and  by  stable  or  rising  Paw-peak,  Fio2*  Ve,  and  PEEP.  After  the  initial  tran- 
sition from  CMV  to  PCV  at  comparable  settings,  we  increased  inspiratory  time 
(ti)  in  0.1-s  increments  until  Vt  decreased,  at  which  point  ti  was  decreased  by 
0.1  s  and  maintained.  Other  changes  in  ventilator  variables  were  guided  by 
blood-gas  values  and  results  of  hemodynamic  and  noninvasive  monitoring. 
RESULTS:  Twenty-four  hours  after  initiating  PCV,  statistically  significant  dif- 
ferences were  seen  (level  of  significance  <  0.0042  with  Bonferroni's  adjustment 
for  multiple  t  tests)  in  Paw-peak  (decreased,  p  =  0.002),  dynamic  compliance  (in- 
creased, p  =  0.004),  Ve  (decreased,  p  =  <  0.001),  F102  (decreased,  p  =  0.002),  al- 
veolar-arterial partial  pressure  difference  for  oxygen  [P(A-a>02l  (decreased,  p  = 
0.002).  The  increase  in  Pa02  (p  =  0.046)  and  V^oi^iOi  (p  =  0.006)  and  the  de- 
crease in  ventilatory  rate  (p  =  0.005)  failed  to  reach  significance.  Eight  patients 
were  ventilated  at  ti  <  50%,  2  patients  at  51-60%,  and  4  patients  at  70-78%. 
CONCLUSIONS:  (1)  PCV  can  adequately  ventilate  and  oxygenate  patients  in  se- 
vere respiratory  failure  and  (2)  inversing  I:E  is  not  universally  necessary  during 
PCV.  (RespirCare   1993;38:32-40.) 


Introduction 

Pressure-control  ventilation  (PCV)  allows  the  cli- 
nician to  preset  the  peak  airway  pressure  (Paw-peak) 
and  the  inspiratory  time  (ti)  for  each  mechanical 
breath.  In  this  mode  of  ventilation,  tidal  volume 
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(Vt)  is  variable  depending  upon  total  system  com- 
pliance and  airway  resistance.  In  PCV,  Paw-peak  is 
reached  quickly  (within  40  ms  with  the  Puritan- 
Bennett  7200a1).  The  ventilator  continuously  ad- 
justs the  flow  to  reach  and  maintain  the  specified 
pressure  for  the  inspiratory  time  interval.  Dis- 
tribution of  the  inspired  gas  continues  throughout 
inspiration  at  the  prescribed  Paw-peak  and  ti.  Flow 
delivery  of  the  mandatory  breath  is  described  as  de- 
celerating. Under  certain  conditions  (eg,  inverse  ra- 
tio ventilation),  flow  can  reach  zero  prior  to  time 
cycling  of  the  mandatory  breath.  If  flow  does  not 
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reach  zero,  inspired  gas  delivery  continues  until  the 
preset  ti  interval  expires.  Conversely,  inspired  gas 
delivery  (ie,  Vt)  during  volume-cycled  ventilation 
continues  throughout  the  inspiratory  phase  of  the 
breath.  Critics  have  charged  that  scientific  evidence 
supporting  the  effectiveness  of  PCIRV  is  lacking, 
although  they  allow  that  PCV  may  prevent  in- 
creased peak  airway  pressures,  which  may  be  bene- 
ficial in  some  patients.2  PCV  has  been  used  for 
many  years  as  a  primary  means  of  ventilating  neo- 
natal patients  suffering  from  respiratory  distress 
syndrome.3  Additionally,  successful  application  of 
PCV  in  patients  in  severe  respiratory  failure  re- 
sulting from  ARDS  has  been  reported.4  7  Those  re- 
porting on  PCV  in  ARDS  have  been  able  to  in- 
crease arterial  oxygen  tension  (Pao:)  while  main- 
taining lower  peak  pressure  (Paw-peak),  oxygen  con- 
centration (Fio;),  minute  volume  (\fe),  and  positive 
end-expiratory  pressure  (PEEP)  than  those  used 
with  conventional  mechanical  ventilation  (CMV, 
volume-limited  assist/control  or  intermittent  man- 
datory ventilation).  However,  their  reports  imply 
that  successful  application  of  PCV  depends  on  the 
use  of  ratios  of  inspiratory-to-expiratory  time  (I:E) 
markedly  greater  than  those  used  with  CMV  (ie, 
not  simply  'inverse,'  which  would  be  >  1:1,  but 
rather  as  great  as  3:1  and  4:1).  Further,  their  proto- 
cols have  called  for  immediate  application  of  in- 
verse I:E  upon  the  change  from  CMV  to  PCV.4"7 

In  contrast,  time-cycled,  pressure-limited  ven- 
tilation is  applied  to  neonates  at  conventional  I:E,8 
which  led  us  to  seek  to  determine  whether  some  pa- 
tients in  severe  respiratory  failure  might  be  effec- 
tively ventilated  and  oxygenated  at  I:E  <  1:1  (or  at 
least  on  the  order  of  1.5:1  suggested  by  Cole  et  al9 
and  reported  by  Ravizza  et  al  in  an  abstract1"  at 
lower  Paw-peak,  F102,  Ve,  and  PEEP  than  is  possible 
with  CMV.  We  report  on  our  experience  with  PCV 
applied  according  to  a  pre-established  algorithm  in 
14  patients  in  severe  respiratory  failure. 

Subjects  and  Method 

Subjects  and  Entry  Criteria 

Selection  criteria  were  similar  to  those  used  by 
Tharratt  et  al4  and  Lain  et  al.5  I  studied  14  patients 
in  severe  respiratory  failure  from  the  adult  res- 
piratory   distress    syndrome    (ARDS)    who    were 


judged  to  be  failing  to  respond  to  CMV  because  ( 1 ) 
for  24  hours  or  more  they  had  been  receiving  po- 
tentially toxic  levels  of  oxygen  (F102  ^  0.40)  and/or 
had  been  ventilated  with  high  pressures  (>  40  cm 
H20,  or  3.92  kPa);  (2)  their  clinical  condition  was 
worsening  or  had  failed  to  improve  in  the  previous 
24  hours  on  CMV  (actually,  our  patients  had  failed 
to  improve  over  the  course  of  several  days  to  sever- 
al weeks  prior  to  the  application  of  PCV)  as  sug- 
gested by  unchanged  or  deteriorating  dynamic 
compliance  (Cdyn).  chest  radiographs,  Pao2-  PaC02, 
and  by  stable  or  rising  Paw-peak,  F102,  Ve,  and  PEEP; 
and  (3)  in  the  clinical  judgment  of  the  managing 
physicians,  improvement  in  oxygenation  and  venti- 
lation (while  reducing  CMV  Paw-peak  and  Fio:) 
would  not  be  seen  within  a  reasonable  period  of  time 
with  the  continuance  of  CMV.  All  candidates  had 
been  managed  with  what  are  considered  in  our  in- 
stitution to  be  unacceptably  high  levels  of  Paw-peak, 
F102,  and/or  PEEP  and  were  considered  at  high  risk 
for  development  of  barotrauma.  The  prognosis  was 
considered  to  be  negative  in  all  candidates.  The  fi- 
nal decision  to  use  PCV  rested  with  the  managing 
physician,  and  the  14  represent  those  who  met  the 
criteria  and  whose  physicians  agreed  to  the  change 
to  PCV. 

During  CMV,  all  patients  had  been  sedated  and 
managed  with  paralyzing  agents  and  this  was  con- 
tinued during  PCV.  Prior  to  initiation  of  PCV,  all 
patients  had  been  ventilated  on  Puritan-Bennett 
7200a  ventilators  (Puritan-Bennett  Corporation, 
Carlsbad  CA)  in  the  volume-cycled  mode  with  a 
decelerating  ramp  waveform. 

Transition  from  CMV  to  PCV 

For  the  transition  from  CMV  to  PCV,  we  du- 
plicated CMV  settings  for  Paw-Peak,  PEEP,  VT.  F102. 
respiratory  rate  (f),  inspiratory  time  (tj),  and  I:E  in- 
spiratory time  was  calculated  from  the  CMV  I:E 
and  f,  and  was  used  as  the  initial  ti  for  PCV.  The  in- 
itial Paw-peak  setting  for  PCV  was  determined  by 
subtracting  PEEP  from  the  CMV  Paw-peak-  (In  PCV 
on  the  7200a,  applied  Paw-peak  =  set  Paw-peak  +  PEEP.) 
Initially,  the  set  Paw-Peak  was  adjusted  to  maintain 
the  same  Ve  as  required  during  CMV.  The  patient's 
exhaled  Vt  was  monitored  during  the  transition  to 
PCV  as  a  guideline  to  detect  variation  from  CMV 
VT. 
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Immediately  after  activation  of  PCV,  Paw-peak 
was  adjusted  (if  necessary)  to  ensure  that  exhaled 
Vt  remained  equal  to  CMV  V-r.  After  this  adjust- 
ment, ti  was  then  increased  in  increments  of  0.1 
second  until  exhaled  Vt  was  observed  to  decrease. 
The  ti  immediately  prior  to  this  decrease  was  then 
used  as  the  ti  for  PCV.  This  tj  adjustment  increased 
Paw  compared  to  the  Paw  during  CMV.  If  Sa02  al- 
lowed, PEEP  was  decreased  to  (1)  maintain  the 
previous  Paw  and  (2)  avoid  air  trapping  and  auto- 
PEEP. 

PCV  Management 

The  algorithm  shown  in  Figure  1  guided  man- 
agement of  Vt,  Pao2.  and  Pacc>2-  Ventilator  settings 
were  adjusted  based  on  the  patient's  clinical  data. 
Indexes  of  oxygenation  [P<A-a)02  or  Pao2y'Fio2] 
were  used  to  determine  changes  (ie,  lower  F102 
with  normoxia  was  perceived  as  a  more  desirable 
endpoint  than  'improved'  Pac>2;  likewise  a  lower 
Pacc>2  was  not  an  endpoint,  but  rather  a  similar 
PaC02  at  lower  Paw-peak  and  Vt  was  considered  an 
indication  of  clinical  improvement.) 

Intrinsic,  or  auto-PEEP  (PEEPj),  was  measured 
according  to  the  method  of  Braschi""'4  utilizing  a 
Marquest  nonrebreathing  T-piece  (Marquest  Inc, 
Englewood  CO,  model  090-193699)  on  the  inspir- 
atory limb  of  the  patient  circuit. 

Statistical  Analysis 

Differences  in  parameters  on  CMV  immediately 
prior  to  transition  to  PCV  and  parameters  on  PCV 
at  24  hours  would  be  compared  and  tested  by  Stu- 
dent's /  test  as  performed  by  previous  authors.3,4,8-9 
The  overall  significance  of  12  paired  sets  of  data 
was  chosen  at  the  0.05  level.  A  Bonferroni  adjust- 
ment15 was  made  resulting  in  a  significance  level  of 
0.0042. 

Results 

The  results  obtained  in  our  14  patients  are 
shown  in  Tables  1  and  2.  Figure  2A-H  contrasts  re- 
sults during  CMV  and  PCV.  During  PCV,  8  pa- 
tients had  a  t\%  <  50,  2  patients  a  X\%  of  51-60,  and 
4  patients  a  tj%  of  70-78.  Results  after  24  hours  of 
PCV  are  summarized  in  Table  3.  We  did  not  meas- 


ure more  than  2  cm  H20  [0.196  kPa]  of  auto-PEEP 
on  any  patient  in  our  trial.  Three  patients  (#5,  6, 
and  8)  developed  evidence  of  barotrauma  during 
CMV  that  persisted  into  PCV.  However,  no  new 
evidence  of  barotrauma  presented  during  PCV. 

Discussion 

The  use  of  PCV  in  our  14  patients,  resulted  in 
findings  similar  to  those  of  other  authors.4"7'910 
However,  our  results  occurred  with  the  use  of  low- 
er I:E  than  those  reported  by  Tharratt  et  al,4  Lain  et 
al,5  Gurevitch  et  al,6  and  Cole  et  al,9  who  used  I:E 
of  2:1  to  4:1.  Ravizza  et  al'"  used  I:E  of  1.5:1  and 
were  able  to  show  a  significantly  lower  Paw-Peak 
while  improving  Pac>2/Fi02  in  a  PCV  limited  ap- 
plication to  6  hours. 

The  Servo  900C  (Siemens  Corp,  Schaumburg 
IL),  which  these  authors  used,  offers  limited  con- 
trol of  the  I:E.  The  7200a  offers  precise  control  of  ti 
(in  increments  of  0. 1  s)  and  of  I:E  (in  increments  of 
0.1  for  both  inspiration  and  expiration).  The  7200a 
ventilators  that  were  used  in  this  trial  were 
equipped  with  a  software  option  that  provides  de- 
livery of  constant-pressure  mandatory  breaths  in 
CMV  and  SIMV  modes.  During  PCV  mandatory 
breaths  are  delivered  at  a  preset  inspiratory  pres- 
sure and  ti  or  I:E.  Inspiratory  pressure  can  be  varied 
from  5-100  cm  H20,  ti  from  0.2  to  5.0  seconds,  and 
I:E  to  not  greater  than  4:1.' 

It  should  be  noted  that  when  the  decelerating 
waveform  is  used  with  CMV,  peak  airway  pres- 
sures differs  little  from  plateau  pressures.  As  we 
anticipated,  the  ventilator  setting  and  measured  val- 
ues in  our  patients  P-T  (transition  to  PCV)  did  not 
differ  significantly  from  the  settings  and  values  at 
C-T  (transition  from  conventional  ventilation)  be- 
cause the  transition  was  accomplished  by  first 
matching  PCV  settings  to  CMV  settings  and  then 
gradually  modifying  settings  as  described.  We 
chose  not  to  obtain  static  pressures  because  of  pos- 
sible increased  risk  of  barotrauma  and  hemody- 
namic compromise. 

Investigators4"69"1  who  have  published  their 
findings  on  pressure-based  inverse  ratio  ventilation 
have  stated  that  in  ARDS  patients  ( 1 )  oxygenation 
improves  and  reduction  in  F102  is  possible  and  (2) 
the  likelihood  of  barotrauma  is  reduced  because  of 
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Fig.  2.  Comparisons  of  requirements  during  conventional  mechanical  ventilation  (CMV,  Hi  )  at  transition  and  24  hours  af- 
ter initiation  of  pressure-controlled  ventilation  (PCV,  |  |):  A.  positive  end-expiratory  pressure,  or  PEEP;  B.  peak  airway 
pressure,  or  Paw-peak;  C.  percent  inspiratory  time,  or  ti%;  D.  fractional  concentration  of  inspired  oxygen,  or  F102;  E.  minute 
ventilation,  or  Ve;  F.  dynamic  compliance,  or  Cdyn;  G.  Alveolar-arterial  oxygen  partial  pressure  difference,  or  P(A-a)02l  and 
H.  mean  airway  pressure  (Paw). 
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Table  1.      Ventilator  Settings  for  14  ARDS  Patients  during  Conventional  (CMV)  and  Pressure-Control  Ventilation  (PCV)* 


CMV 

CMV 

Patient 

prior  to 

Time  of 

VT 

PIF 

I  Time 

%I 

\fc 

No. 

PCV 

Measurement 

(mL)t 

ft 

(L/min) 

(s)§ 

Time# 

PEEPH 

P.,„-,v.,k:' 

Fioitt 

(L)tt 

1 

7w 

C-24 

1000 

14 

70 

1.95 

46 

12 

58 

0.55 

14 

C-T 

110(1 

14 

60 

1.63 

43 

15 

70 

0.70 

18 

P-T 

900 

16 

— 

2.8 

75 

15 

58 

0.70 

14 

P-24 

900 

16 

— 

2.8 

75 

8 

50 

0.60 

14 

2 

3w 

C-24 

1000 

20 

85 

1.3 

43 

10 

60 

0.55 

20 

C-T 

1000 

20 

85 

1.3 

43 

16 

82 

0.70 

20 

P-T 

1400 

20 

— 

1.2 

40 

10 

77 

0.70 

28 

P-24 

1200 

10 

— 

1.4 

23 

5 

53 

0.75 

12 

3 

2w 

C-24 

200 

30 

35 

1.3 

65 

6 

45 

0.85 

6 

C-T 

200 

30 

35 

1.3 

65 

6 

50 

0.82 

6 

P-T 

290 

30 

— 

1.3 

65 

6 

44 

0.78 

9 

P-24 

175 

30 

— 

1.5 

75 

8 

48 

0.65 

5 

4 

9d 

C-24 

950 

18 

65 

1.3 

39 

8 

61 

0.50 

17 

C-T 

950 

14 

45 

1.8 

42 

8 

58 

0.55 

13 

P-T 

850 

14 

— 

1.4 

33 

5 

62 

0.55 

12 

P-24 

700 

13 

— 

1.7 

37 

7 

49 

0.50 

9 

5 

3  w 

C-24 

420 

25 

30 

0.8 

33 

15 

75 

0.55 

10 

C-T 

425 

25 

30 

0.8 

33 

17 

82 

0.55 

11 

P-T 

268 

26 

— 

1.0 

43 

15 

50 

0.53 

7 

P-24 

252 

25 

— 

1.0 

42 

16 

55 

0.51 

6 

6 

9d 

C-24 

800 

25 

90 

0.9 

38 

10 

54 

0.70 

20 

C-T 

950 

22 

90 

1.3 

48 

5 

47 

0.70 

21 

P-T 

1000 

20 

— 

1.3 

43 

5 

48 

0.70 

20 

P-24 

900 

18 

— 

1.1 

33 

5 

50 

0.55 

16 

7 

1  w 

C-24 

1000 

12 

85 

2.3 

46 

10 

43 

0.80 

12 

C-T 

1000 

18 

85 

2.1 

63 

10 

41 

1.0 

18 

P-T 

1150 

12 

— 

1.5 

30 

15 

49 

1.0 

14 

P-24 

1200 

12 

— 

1.5 

30 

15 

49 

0.70 

14 

8 

1  w 

C-24 

1100 

18 

100 

1.39 

42 

15 

69 

0.50 

20 

C-T 

1100 

18 

85 

1.5 

45 

18 

80 

0.80 

20 

P-T 

1 100 

18 

— 

1.5 

45 

8 

58 

0.60 

20 

P-24 

1  1 20 

18 

— 

1.2 

36 

3 

54 

0.55 

20 

9 

5w 

C-24 

1000 

14 

85 

1.38 

32 

12 

69 

0.40 

14 

C-T 

1200 

16 

85 

1.34 

36 

12 

70 

0.40 

19 

P-T 

1100 

14 

— 

1.8 

42 

1(1 

51 

0.40 

15 

P-24 

900 

14 

— 

2.0 

47 

10 

40 

0.45 

13 

10 

3d 

C-24 

712 

16 

60 

1.1 

29 

5 

41 

0.50 

II 

C-T 

880 

14 

75 

2.1 

49 

8 

62 

1.0 

12 

P-T 

900 

14 

— 

2.1 

49 

5 

46 

0.75 

13 

P-24 

800 

12 

— 

3.9 

78 

5 

41 

0.60 

10 

11 

5d 

C-24 

750 

18 

70 

1.1 

33 

12 

62 

0.8 

14 

C-T 

850 

18 

65 

1.15 

34 

12 

72 

0.75 

15 

P-T 

750 

18 

— 

1.0 

30 

12 

59 

0.70 

14 

P-24 

850 

16 

— 

1.2 

32 

12 

61 

0.65 

14 

12 

1  w 

C-24 

220 

32 

40 

0.59 

31 

3 

50 

1.0 

7 

C-T 

300 

36 

40 

0.46 

28 

14 

70 

1.0 

11 

P-T 

325 

36 

— 

0.50 

30 

12 

55 

1.0 

12 

P-24 

300 

34 

— 

0.7 

40 

10 

61 

0.90 

10 

13 

3d 

C-24 

400 

25 

45 

1.1 

46 

13 

54 

1.0 

10 

C-T 

350 

25 

45 

1.14 

47 

12 

49 

1.0 

9 

P-T 

350 

25 

— 

1.6 

67 

10 

50 

1.0 

9 

P-24 

450 

18 

— 

2.0 

60 

12 

49 

0.9 

8 

14 

3d 

C-24 

925 

14 

60 

1.48 

35 

17 

49 

0.75 

13 

C-T 

950 

14 

60 

1.48 

35 

20 

65 

0.90 

13 

P-T 

950 

14 

— 

1.4 

33 

20 

65 

0.90 

13 

P-24 
Ve  =  minute  volume 

900 
C-24  =  setting 

12 
s  on  CMV  24  h  before  transiti 

2.6 
in;  C-T  =  settin 

52 
gs  on  CMV 

18 
at  transition;  P-T 

52 
=  settings  01 

0.50 
PCV  at  transition 

11 

*PIF  =  peak 

inspiratory  flow; 

;P-24 

=  settings  24  h  after  transition. 

tMean  (SD)  of  VT  P-T  -  Vt  C-T  =  6  mL  ( 149);  p  =  0.89.  Mean  (SDi  of  VT  P-24  -  VT  C-T  =  43  mL  1 152);  p  =  0.3. 
tMean  (SD)  f  P-T  -  f  C-T  =  0.64  (1.7);  p  =  0.19.  Mean  (SD)  f  P-24  -  f  C-T  =  2.7  (3.0);  p  =  0.005. 
SMean  (SD)  t,  P-T  -  t,  C-T  =  0.07  (0.4);  p  =  0.54.  Mean  (SD)  t,  P-24  -  t,  C-T  =  0.37  (0.7);  p  =  0.057. 
#Mean  (SD)  %tj  C-T  -  %tj  P-T  =  0.9  ( 1 5);  p  =  0.8.  Mean  (SD)  %tj  P-24  -  %tj  C-T  =  3.4  ( 19.2);  p  =  0.29. 
IMean  (SD)  PEEP  P-T  -  PEEP  C-T  =  1.75  (3.4);  p  =  0.07.  Mean  (SD)  PEEP  P-24  -  PEEP  C-T  =  2.7  (5.2);  p  =007. 
"Mean  (SD)  Paw-peak  C-T-Paw-peak  P-T  =  9.05  1 1 1.3);  p  =  0.01.  Mean  (SD)  Paw-peak  P-24  -  Paw-peak  C-T  =  13.3  (12.5);  p  = 
ttMean  ( SD  I  Fio;  P-T  -  Fio2  C-T  =  4.0  (8. 1  ];  p  =  0.086.  Mean  ( SD)  Fio:  P-24  -  Fio:  C-T  =  14.7  ( 1 4.4);  p  =  0.002. 
iiMean  (SD)  %  P-T  -  %  C-T  =  0.5  (2.4);  p  =  0.63.  Mean  (SD)  %  P-24  -  Ve  C-T  =  3. 1  (0.24);  p  <  0.001. 
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Table  2.      Measured  Values:  Comparisons  between  Conventional  and  Pressure-Control  Ventilation  in  14  ARDS  Patients  at  4  Sampling  Times 


Patient  No. 

Time  of 

PaO: 

PaCO; 

Par>/F,o 

Cdyn  (mL/ 

P(A-alO: 

Pa» 

(Sex,  Age) 

Measurement* 

(torr)t 

(torr)+ 

F,o:§ 

(torr)# 

cmH,Of 

(torr)** 

(cmH:0)+t 

Barotrauma 

1  (F,  66) 

C-24 

62 

51 

0.55 

113 

22 

266 

28 

No 

C-T 

67 

40 

0.70 

96 

20 

382 

30 

No 

P-T 

80 

43 

0.70 

114 

21 

365 

44.7 

No 

P-24 

87 

42 

0.60 

145 

21 

288 

38 

No 

2(M,71) 

C-24 

74 

44 

0.55 

135 

20 

263 

26 

No 

C-T 

69 

39 

0.70 

99 

15 

381 

33 

No 

P-T 

68 

21 

0.70 

97 

21 

405 

34 

No 

P-24 

62 

39 

0.75 

83 

25 

424 

30 

No 

3(F,5) 

C-24 

50 

75 

0.85 

59 

5 

462 

32 

No 

C-T 

50 

80 

0.82 

61 

4 

435 

30 

No 

P-T 

85 

28 

0.78 

109 

8 

436 

30.2 

No 

P-24 

103 

28 

0.65 

158 

4 

325 

36 

No 

4(F,5) 

C-24 

58 

39 

0.50 

116 

12 

250 

30 

No 

C-T 

80 

44 

0.55 

145 

14 

257 

28 

No 

P-T 

64 

34 

0.55 

116 

14 

286 

39.7 

No 

P-24 

87 

40 

0.50 

174 

17 

220 

34 

No 

5(M,5) 

C-24 

65 

40 

0.55 

118 

7 

277 

28 

Yes 

C-T 

68 

44 

0.55 

124 

6 

269 

32 

Yes 

P-T 

82 

48 

0.53 

155 

8 

236 

25.8 

Yes 

P-24 

70 

45 

0.51 

137 

6 

237 

26 

Yes 

6(F,  60) 

C-24 

68 

52 

0.70 

97 

18 

366 

24 

Yes 

C-T 

70 

41 

0.70 

100 

22 

378 

22 

Yes 

P-T 

107 

38 

0.70 

153 

23 

345 

22 

Yes 

P-24 

82 

41 

0.55 

149 

20 

259 

25 

Yes 

7(M,43) 

C-24 

59 

38 

0.80 

74 

30 

464 

17 

No 

C-T 

45 

37 

1.0 

45 

32 

622 

23 

No 

P-T 

78 

37 

1.0 

78 

34 

589 

22 

No 

P-24 

139 

27 

0.70 

199 

35 

326 

35 

No 

8(F,  72) 

C-24 

72 

41 

0.50 

144 

20 

233 

32 

Yes 

C-T 

59 

40 

0.80 

74 

18 

461 

44 

Yes 

P-T 

78 

41 

0.60 

130 

22 

299 

31 

Yes 

P-24 

88 

41 

0.55 

160 

22 

253 

19 

Yes 

9(M,  58) 

C-24 

81 

45 

0.40 

202 

18 

148 

27 

No 

C-T 

76 

42 

0.40 

190 

21 

157 

29 

No 

P-T 

66 

42 

0.40 

165 

27 

167 

25 

No 

P-24 

65 

37 

0.45 

144 

30 

210 

27 

No 

10  (F,  27) 

C-24 

65 

35 

0.50 

130 

20 

248 

12 

No 

C-T 

77 

30 

1.0 

77 

17 

598 

21 

No 

P-T 

74 

27 

0.75 

99 

22 

427 

31 

No 

P-24 

70 

31 

0.69 

117 

22 

319 

32 

No 

11  (F,  65) 

C-24 

65 

45 

0.80 

81 

15 

449 

22 

No 

C-T 

78 

52 

0.75 

104 

14 

392 

26 

No 

P-T 

64 

48 

0.70 

91 

16 

375 

25 

No 

P-24 

66 

49 

0.65 

102 

17 

336 

25 

No 

I2(M.4) 

C-24 

48 

34 

1.0 

48 

5 

622 

16 

No 

C-T 

56 

46 

1.0 

56 

5 

600 

27 

No 

P-T 

146 

23 

1.0 

146 

8 

538 

30 

No 

P-24 

159 

27 

0.90 

177 

6 

449 

32 

No 

13  (F,  8) 

C-24 

62 

38 

1.0 

62 

10 

604 

30 

No 

C-T 

54 

36 

1.0 

54 

10 

614 

28 

No 

P-T 

63 

34 

1.0 

63 

9 

608 

36 

No 

P-24 

60 

31 

0.90 

67 

12 

543 

37 

No 

14  (F,  46) 

C-24 

79 

37 

0.90 

88 

29 

516 

24 

No 

C-T 

76 

37 

0.90 

84 

22 

519 

31 

No 

P-T 

225 

29 

0.90 

250 

21 

380 

34 

No 

P-24 

97 

31 

0.50 

194 

26 

221 

35 

No 

*C-24  =  settings  on  CMV  24  h  before  transition;  C-T  =  settings  on  CMV  at  transition;  P-T=  settings  on  PCV  at  transition;  P-24  =  settings  24  h  after  transition. 

tMean  (SD)  Pa02  P-T  -  Pao  C-T  =  25.4  (45);  p  =  0.055.  Mean  (SD)  P.l0,  P-24  -  Par>  C-T  =  22  (37);  p  =  0.046. 

+Mean  (SD)  PaCo  P-T  -  PaCo  C-T  =  8.2  ( 15);  p  =  0.058.  Mean  (SD)  PaCo  P-24  -  PaCr>  C-T  =  7. 1  ( 14. 1 );  p  =  0.08. 

SMean  ( SD )  Fio  P-T  -  FI(>  C-T  =  4  (8. 1 );  p  =  0.086.  Mean  (SD)  F,o  P-24  -  F,o  C-T  =  1 5  ( 14.4);  p  =  0.002. 

#Mean  (SD)  Pao/F,o  P-T  -  Par>/F,r>  C-T  =  32.7  (50.8);  p  =  0.032.  Mean  (SD)  Pal>/Ficb  P-24  -  Par>/Fio  C-T  =  50  (57.2);  p  =  0.006. 

HMean  (SD)  Cdyn  P-T  -  Cdyn  C-T  =  2.2  (2.3);  p  =  0.002.  Mean  (SD)  Cdv„  P-24  -  Cdy„  C-T  =  3.2  (3.4);  p  =  0".0O4. 

"Mean  (SD)  P(A  -aio;  P-T-  P(A-a)0:  C-T  =  43.6  (66.5);  p  =  0.03.  Mean  (SD)  P(A-aiO:  P-24  -  P<A-a]0:  C-T  =  1 18  ( 1 16);  p  =  0.002. 

ttMean  (SD)  Paw  P-T  -  Paw  C-T  =  1 .91  ( 10.8);  p  =  0.33.  Mean  (SD)  Paw  P-24  -  Paw  C-f  =  1 .94  (9.4);  p  =  0.46. 
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Table  3.  Summary  of  Changes  Occurring  in  14  ARDS  Patients 
between  Conventional  Mechanical  Ventilation  at  Tran- 
sition (C-T)  and  Pressure-Control  Ventilation  at  24 
Hours  after  Transition  (P-24) 


Mean(SD) 

Variable 

Mean  C-T* 

Mean  P-24 

of  Difference 

Paw-peak  (cm  H20) 

64 

51 

13.3(12.5) 

PEEP  (cm  H:0) 

12 

10 

2.7(5.2) 

Fio: 

0.78 

0.63 

0.147(14.4) 

Ve(L) 

15 

12 

3.1  (2.4) 

Cdyn  (mL/cm  H;0) 

16 

19 

3.2(3.4) 

P(A-a)C>2  (tOff) 

433 

315 

US  (116) 

Paw  (cm  H2Q) 

29 

31 

1.9(9.4) 

Inspiratory  time  (%) 

44 

47 

3.4(19.2) 

*The  decelerating  ramp  waveform 

was  used  during 

CMV. 

the  ability  to  ventilate  at  lower  Pau-Peak-  This 
improved  oxygenation  probably  occurs  as  a  result 
of  reduction  in  shunting,  alveolar  recruitment,  de- 
creased dead-space  ventilation.  These  clinical  im- 
provements probably  occur  secondary  to  increased 
mean  airway  pressure,  increased  inspiratory  time, 
and  increased  functional  residual  capacity  (FRC). 

Clinicians  should  be  cautious  about  several  as- 
pects of  PCV  application.  Because  Paw-peak  is  con- 
stant, flowrate  and  Vy  vary  with  changes  in  patient 
resistance  and  compliance.  Alarms  considered  to 
be  appropriate  indicators  of  potential  patient  com- 
promise with  CMV  are  not  helpful  with  PCV.  For 
example,  a  high-pressure  alarm  used  in  CMV  is  us- 
ually considered  to  provide  a  first-line  alert  for  con- 
ditions such  as  airway  obstruction  and  barotrauma. 
During  PCV,  this  alarm  does  not  alert  the  clinician 
to  such  events.  This  is  potentially  dangerous  in  pa- 
tients managed  with  paralyzing  agents  or  those  un- 
able to  actively  exceed  the  threshold  of  the  high 
pressure  alarm-limit  setting  (eg,  unable  to  cough). 
The  potential  exists  for  airway  obstruction  without 
activation  of  the  high-pressure  alarm. 

The  Paw-peak  with  which  the  patient  is  ventilated 
during  PCV  is  the  sum  of  PEEP  and  set  Paw-peak-  As 
PEEP  is  adjusted,  the  applied  Paw-peak  increases  or 
decreases  by  the  same  amount.  Conditions  that  we 
transiently  observed  included  a  decrease  in  Vj  as 
PEEP  increased  (even  though  applied  Paw-peak  in- 
creased by  the  same  absolute  value  as  the  PEEP  ad- 
justment). This  may  have  been  the  result  of  being 
very  high  on  the  patient's  pressure- volume  curve 
by  virtue  of  the  presence  of  auto-PEEP.  This  effect 


can  decrease  compliance,  secondary  to  air  trapping, 
resulting  in  a  decrease  in  the  exhaled  Vj  measured. 
Conversely  in  this  example,  a  decrease  in  PEEP  in- 
creased Vt.  Secondly,  excessive  lengthening  of  t, 
can  decrease  exhaled  Vj  because  of  inadequate  ex- 
piratory time  (resulting  in  air  trapping).  PEEP  re- 
duction in  this  situation  restored  Vj  probably  be- 
cause (1)  air  trapping  existed  and  (2)  the  resultant 
PEEP  adjustment  established  ventilation  at  a  lower 
level  on  the  pressure-volume  curve. 

Decreasing  PEEP  while  maintaining  Paw-peak  ef- 
fectively increases  Vt  because  of  the  increase  in 
the  pressure  difference  of  the  inspiratory  pressure 
curve.  Conversely,  if  Paw-peak  is  held  constant  and 
PEEP  is  increased.  Vt  decreases  secondary  to  a  de- 
creased pressure  difference  during  inspiration. 

The  length  of  inspiration  affects  Vt,  and.  thus,  t, 
must  be  long  enough  for  full  equilibration  to  occur. 
With  long  t,  at  high  rates,  air-trapping  and  auto- 
PEEP  can  develop.  Barotrauma,  systemic  hypovo- 
lemia, and  hemodynamic  embarrassment  have  been 
attributed  to  the  presence  of  auto-PEEP.11,16"19 
Auto-PEEP  should  be  monitored  according  to  ap- 
propriate reported  methods11"14,18  and  by  serial 
chest  radiographs  to  identify  hyperinflation  and  by 
evaluation  of  hemodynamic  variables.  The  low-to- 
nonexistent  auto-PEEP  in  our  patients  probably  re- 
flected the  hastened  lung  emptying  seen  in  patients 
with  low  lung  compliance2"  and  the  conservative  ti 
and  low  breathing  rates  in  most  of  our  patients. 

Although  only  4  of  our  patients  (#1.  8.  10,  and 
14)  were  monitored  with  Swan-Ganz  catheters  and 
only  2  of  those  (#1  and  10)  were  ventilated  with 
markedly  inverse  I:E  (t,%  75  and  78.  respectively), 
no  evidence  of  important  hemodynamic  embarrass- 
ment was  seen.  None  of  the  14  patients  exper- 
ienced a  compromise  in  blood  pressure.  Although 
our  data  are  not  complete  enough  to  establish  ab- 
sence of  hemodynamic  embarrassment,  we  believe 
that  use  of  conservative  EE  and  maintenance  of  ad- 
equate blood  volume  are  important. 

Algorithms  have  been  used  to  guide  the  ventila- 
tion of  neonates21  and  the  utilization  of  blood-gas 
analysis22  as  well  as  other  clinical  procedures.23 
Our  algorithm  (Fig.  1 )  has  aided  our  staff  by  pro- 
viding guidelines  for  the  consistent  management  of 
PaOz-  PaCO;.  and  Vt  during  the  preweaning  stages 
of  PCV. 
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Summary 

I  believe  that  patients  suffering  from  acute  res- 
piratory failure  associated  with  ARDS  who  require 
high  Paw-peak,  PEEP,  and  \fe  during  CMV  can  be 
adequately  ventilated  with  PCV.  Using  PCV,  my 
colleagues  and  I  observed  significant  improvement 
in  Paw-peak,  Cdyn,  \fe,  and  P<A-aiO:,  without  sig- 
nificant changes  in  PaO:-  PaOz/FiO:,  and  f.  The  ex- 
treme inverse  I-E  ratios  reported  by  previous  in- 
vestigators4"6 were  not  found  to  be  necessary  in  all 
cases.  The  improvements  that  we  observed  oc- 
curred with  inspiration  maintained  at  50%  or  less 
of  the  breath  cycle  (I:E  <  1:1)  in  8  of  14  patients 
(57%). 
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Computers  in  Pulmonary  Medicine: 
Ten  Years  Ago,  Today,  and  Tomorrow 


A  little  more  than  a  decade  ago,  it  was  the  sense 
of  this  journal's  editors  that  computers  were  about 
to  become  important  tools  in  pulmonary  medicine. 
Only  a  few  papers  about  computers  had  been  pub- 
lished in  these  pages,  but  such  material  was  ap- 
pearing with  increasing  frequency  in  other  journals, 
and  we  expected  more  and  more  computer-related 
papers  to  cross  our  editorial  desks.  Therefore,  feel- 
ing ignorant  about  computers  in  general,  and  par- 
ticularly in  medicine,  and  assuming  that  many  of 
Respiratory  Care's  readers  were  in  the  same  fix, 
we  pulled  together  what  material  we  could  find  on 
the  subject,  publishing  it  in  a  special  issue,  "Com- 
puters in  Pulmonary  Medicine,"  in  July  1982.' 

Today,  ten  years  later,  computers  are  a  familiar 
presence  in  labs,  ICUs,  nursing  stations,  and  li- 
braries; and  in  some  medical  centers  you  will  find  a 
Department  of  Informatics  (a  word  derived  from 
the  Russian  language2).  In  a  decade,  the  unfamiliar 
and  daunting  has  become  accepted  and  almost  com- 
monplace. The  computer  revolution  has  been  one 
of  the  fastest  moving  in  history.  In  retrospect,  it 
may  turn  out  some  day  that  computers  have  made 
as  much  difference  in  our  lives  as  have  electricity, 
the  telephone,  the  automobile,  aircraft,  radio,  and 
television. 

To  mark  the  10th  anniversary  of  our  1982  spe- 
cial issue  on  computers,  in  this  January  1993  issue 
we  offer  five  papers  that  help  define  computers  in 
pulmonary  medicine  today — and  their  projected  im- 


pact in  the  future.  In  1982,  six  papers  reported  the 
use  of  computers  in  pulmonary  function  testing  and 
blood  gas/pH  analysis,  which  were  early  applica- 
tions. Today,  the  frontiers  reflected  here  are  es- 
sentially two:  ( 1 )  the  clinical  and  management  use 
of  computers,  to  which  two  papers  in  this  issue  are 
devoted,3-4  and  (2)  computers  in  the  ICU  environ- 
ment, particularly  that  of  the  future,  explored  in 
three  other  papers.5"7 

As  suggested  by  these  papers'  titles  (see  refer- 
ences below),  the  future  of  computers  in  pulmonary 
medicine  promises  to  be  anything  but  dull. 
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Introduction 

From  the  time  when  respiratory  therapy  became 
an  organized  discipline  (about  1948)  through  the 
1970s,  respiratory  care  departments  were  seen  by 
hospital  management  as  revenue  centers.  But  this 
changed  in  the  1980s,  and  respiratory  care  services, 
like  many  other  services,  came  to  be  viewed  as  cost 
centers.  This  occurred  in  association  with  the  1982 
Blue  Cross  and  Blue  Shield  Medical  Necessity 
Guidelines,1  the  advent  of  the  Diagnosis  Related 
Group  (DRG)  system  in  1983,:  and  the  1988  Medi- 
care Catastrophic  Coverage  Act.3  These  events 
changed  management  principles  and  practices  in 
hospitals.  Developments  in  computers  at  roughly 
the  same  time  made  possible  entirely  new  ways  of 
monitoring,  recording,  and  interpreting  the  respir- 
atory care  provided  to  patients  and  the  productivity 
and  cost-benefit  ratios  of  individual  therapists  and 
respiratory  care  departments.  This  paper  describes 
how  respiratory  care  management  has  been  com- 
puterized at  LDS  Hospital,  a  520-bed  trauma  center 
in  Salt  Lake  City,  Utah,  associated  with  the  Uni- 
versity of  Utah  School  of  Medicine. 


Mr  Greenway  is  Administrative  Director,  Ms  Jeffs  is  Associate 
Director,  and  Ms  Turner  is  Assistant  Director — Respiratory 
Care.  Salt  Lake  Valley  Hospitals,  Salt  Lake  City.  Utah. 

Reprints:  Loren  Greenway  RRT,  Respiratory  Care  Dept,  LDS 
Hospital.  8th  Ave  and  C  St,  Salt  Lake  City  UT  84143. 


LDS  Hospital  is  a  leader  in  the  development  of 
computer  applications  in  medicine.  A  highly  devel- 
oped Hospital  Information  System  (HIS),  known  as 
HELP  (an  acronym  for  Health  Evaluation  through 
Logical  Processing),  integrates  all  patient  infor- 
mation.4 A  Tandem  "nonstop"  TNS  II  computer 
system  connects  more  than  800  terminals  and  print- 
ers, forming  a  networked  comprehensive  data- 
management  system.  This  system  is  highly  reliable 
and,  due  to  its  redundant  processing  and  storage  of 
data,  has  only  0.2%  downtime.5 

The  computerization  of  respiratory  care  docu- 
mentation and  the  utilization  of  the  HELP  system 
add  to  the  comprehensive  database  developed  on 
each  patient.  The  database  includes  information 
from  all  medical  and  nursing  departments,  as  well 
as  financial  data.  The  data  are  integrated  in  such  a 
way  that  inputting,  accessing,  reporting,  reviewing, 
and  editing  are  available  at  either  bedside  or  care- 
unit  remote  terminals. 

The  Department  of  Respiratory  Care  has  utilized 
the  Tandem  Computer  System  in  its  comprehensive 
form  since  1983,  the  end  product  of  the  master's 
studies  project  of  a  Medical  Informatics  graduate 
student.5 

Computer  Applications  and  Reports 

Figure  1  shows  the  integrated  network  of  in- 
formation processed  from  the  respiratory  care  doc- 
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umentation.  The  arrows  indicate  the  pathway  of  in- 
formation and  the  associated  processes  performed 
and  reported.  Four  reports  are  generated  as  a  result 
of  therapist  documentation:  ( 1 )  Patient  Discharge 
Report,  (2)  24-Hour  Management  Report,  (3)  Med- 
ical and  Management  Corrective  Action  Report, 
and  (4)  Productivity  Report  and  Patient  Billing. 

In  addition,  four  time-driven  lists  of  information 
are  printed  daily  from  automated  computer  search- 
es: (1)  Oxygen  Assessment,  (2)  Incentive  Spirome- 
try Assessment,  (3)  Chest  Physiotherapy  Assess- 
ment, and  (4)  Bronchodilator  Assessment.  The  data 
from  each  patient  receiving  one  or  more  of  these 
modalities  of  care  are  comprehensively  reviewed 
every  3  days  to  objectively  document  the  results  of 
each  specific  modality.  In  this  way,  criteria-based 
respiratory  care  is  delivered  and  documented  con- 
currently. 

Patient  Discharge  Report 

One  of  the  responsibilities  of  providing  patient 
care  is  recordkeeping.  Standards  of  the  Joint  Com- 
mission for  Accreditation  of  Healthcare  Organiza- 
tions (JCAHO)  require  that  "reports  of  all  respir- 
atory care  services  provided  to  the  patient  shall  be 
made  part  of  the  patient's  medical  record."6 
Recordkeeping  systems  depend  primarily  on  the 
information  collected  at  the  bedside.  This  in- 
formation is  the  result  of  the  therapist's  interaction 
with  the  patient.  Reports  of  physical  examination 
and  the  patient's  response  to  each  modality  of  care 
comprise  the  data  for  documentation.  Traditional 
respiratory  care  documentation  has  been  hand- 
written in  the  patient's  medical  record,  using  spe- 
cific forms,  notes,  assessments,  and  flow  sheets. 
Historically,  each  section  is  organized  chronolog- 
ically and  consumes  considerable  space  in  the  med- 
ical record,  making  it  cumbersome  to  handle;  how- 
ever, this  documentation  is  mandated  by  medical 
practice  and  legal  requirement. 

The  use  of  manual  records  in  carrying  out  a  sys- 
tematic program  of  medical  and  nursing  inter- 
vention, health  monitoring,  and  scheduled  treatment 
is  difficult  and  time-consuming.  The  nonmedical 
functions  of  recordkeeping — such  as  billing,  audits, 
meeting  government  requirements,  and  satisfying 
legal  considerations — have  been  the  driving  force 
behind  the  introduction  of  computers  to  improve 


medical-information  management.  Whereas  pre- 
viously hospital  computer  systems  were  used  pri- 
marily to  bill  patients,  it  has  now  become  necessary 
to  computerize  and  integrate  medical-record  infor- 
mation to  improve  the  timeliness  and  completeness 
of  the  medical  record. 

Patient  records  vary  in  quality  and  detail  because 
from  one  third  to  one  half  of  them  are  narrative  in 
nature,7  which  makes  data  difficult  to  collect  and 
process.  Respiratory  care  charting  is  predominantly 
written  in  this  narrative  format,  with  the  exception 
of  ventilator-monitoring  data,  which  are  predom- 
inantly numeric  in  nature. 

Computerized  respiratory  care  information  sys- 
tems require  a  reporting  vocabulary  with  a  wide 
range  of  descriptions.  To  automate  patient  records, 
the  records  must  be  converted  from  a  narrative 
format  to  the  computer's  predefined  vocabulary 
(Fig.  2). 

24-Hour  Management  Report 

The  24-Hour  Management  Report  lists  the  work 
charted  for  that  period  by  each  therapist  (Fig.  3).  It 
reports,  in  relative  value  units  (RVUs),  the  total 
number  of  treatments  performed  by  an  individual 
therapist  and  the  actual  time  spent  performing  each 
treatment.  (RVUs  are  engineered  time  standards.) 
Thus,  it  is  a  record  of  individual  productivity.  Su- 
pervisors review  the  report  to  confirm  that  assigned 
procedures  have  been  completed  and  to  identify 
missed  procedures  so  that  appropriate  corrective 
action  can  be  taken.  A  department  summary  lists 
total  procedures  performed  and  the  reasons  for 
treatments  not  completed  (Fig.  4).  The  individual 
and  24-hour  summary  reports  provide  management 
with  data  for  long-term  individual  and  department 
historical  collection.  These  data  are  the  basis  for 
the  individual  pay  period  productivity  that  is  re- 
viewed at  each  supervisory  meeting  by  all  mem- 
bers of  the  management  team  (Fig.  5).  This  process 
has  become  invaluable  in  tracking  individual  pro- 
ductivity. These  data  are  then  used  for  individual 
comparison  and  become  an  essential  data  set  for 
the  employee's  annual  performance  review  (Fig.  6). 

One  advantage  of  using  this  type  of  reporting  for 
long-term  follow-up  is  that  the  24-hour  report  com- 
pares the  individual  therapist's  documentation  of 
actual  time  spent  performing  each  procedure  to  the 
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LDS  Respiratory  Care  Department 

Vocabulary  for  Computer  Reporting 

Procedure: 

Slightly  decreased 

RUL  apical 

Yellow 

Pulmonary  Exercise 

(Moderately  decreased) 

RUL  posterior 

Brown  hemoptic 

Medication  Nebulizer 

Markedly  decreased 

RUL  anterior 

IPPB 

Wheezing 

RLL  apical 

Sputum  Consistency: 

CPT 

Absent 

RLL  posterior 

Thick 

Oxygen 

Rhonchi 

RLL  anterior 

Thin 

Nebulizer  Monitoring 

Bronchial 

RLL  lateral 

Frothy 

Intermittent  Nebulizer 

Egophony 

Tenacious 

Assessment 

Fine  crackles 

Percussion: 

Mucus  plugs 

Treatment  not  done 

Coarse  crackles 

Mechanical 

Viscid 

Inspiratory  stridor 

Manual 

Reasons  Care  Not  Done: 

Unchanged 

Passive 

Equipment: 

Not  on  unit 
Asleep 

Improved 

Inspiratory  Flowrate: 

Changed 
Not  Changed 

Receiving  other  care 
Discharged 

Description: 

Throughout  inspiration 

Adequate 
Not  Adequate 

Patient  Condition: 

Nauseated 

Due  to  workload 

Initial  inspiration 
Mid-inspiration 

Medications: 

Confused 
Restless 

Apprehensive 
Fati°ued 

Refused  care 

End-inspiration 
Throughout  expiration 

Atropine 
Alupent 

Oxygen  Interface: 

On  forced  expiration 

Bronkosol 

Quiet 

Semiconscious 

Comatose 

Calm 

Cannula 
Mask 
Face  tent 

R>L 
L>R 

Isuprel 

Micronephrine 

Mucomyst 

Partial  rebreather 
Position: 

Location: 

Both  lungs 
Left  lung 

Alcohol 
Cough: 

Combative 
Medicated 

Sitting 

LUL 

Frequent 

Patient  Attitude: 

Dangling 

Left  lingula 

Infrequent 

Cooperative 

Trendelenburg 

Supine 

Prone 

LLL 
BLL 
Right  lung 

When  encouraged 
Sputum: 

Uncooperative 
Not  responding 

Left  side 

RUL 

Spontaneous 

Comments: 

Right  side 

RML 

Suction 

Treatment  tolerated  well 

Trendelenburg/right 

RLL 

Induced 

Patient  needs  encouragement 

Trendelenburg/left 

LUL  apical 

Sterile 

Poor  effort 

(Trendelenburg/prone) 

LUL  posterior 

No  sputum  obtained 

Doesn't  work  on  own 

Left/flat 

LUL  anterior 

Ambulatory 

Right/flat 

LLL  apical 

Sputum  Color: 

RN  Notified 

LLL  posterior 

Clear 

Febrile 

Breath  Sounds: 

LLL  anterior 

Cloudy 

Nauseated 

Normal  (both  lungs) 

LLL  lateral 

Cloudy  white 

Cyanotic 

Fig.  2.  Computerized  respiratory  care  reporting  vocabulary. 


procedure's  RVUs.  This  is  an  important  process  be- 
cause RVUs  like  other  time  standards  are  engi- 
neered by  the  stopwatch  observation  method  and 
are  accurate  at  only  one  point  in  time.  The  time- 
standard  methodology,  though  accurate,  is  not  pa- 
tient-specific or  dynamic,  whereas  respiratory  care 


is  a  dynamic  practice,  and  the  times  taken  to  per- 
form the  same  procedure  on  two  different  patients 
(or  on  the  same  patient  on  different  occasions)  may 
differ  substantially.  Time  standards  should  ideally 
be  re-evaluated  annually.  This  is  an  expensive  and 
labor-intensive  process  that  we  believe  is  univer- 
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sally  unpopular.  If,  over  time,  the  acuteness  of  the 
patient  population's  medical  condition  has  changed 
or  the  efficiency  of  procedure  delivery  has  im- 
proved, the  actual  recorded  time  probably  will  have 
changed.  For  example,  from  the  RVUs  recorded  in 
one  24-hour  period  (Fig.  3),  it  is  seen  that  although 
417.19  standard  RVUs  were  recorded,  the  actual 
recorded  performance  time  was  300  minutes.  This 
provides  management  with  the  necessary  data  to  re- 
quest a  re-evaluation  of  or  an  adjustment  in  the 


time  standards  or  productivity  index. 

A  second  advantage  of  the  24-hour  report  is  that 
it  is  a  'smart'  report  that  records  the  turnaround 
time,  in  minutes,  between  when  a  treatment  was 
given  and  when  it  was  documented.  This  infor- 
mation is  invaluable  relative  to  the  timeliness  of 
data  entry.  Many  medical  decisions  at  our  in- 
stitution are  based  on  data-driven  protocols.  In  the 
management  of  critically  ill  patients,  the  timeliness 
of  information  for  decision  making  is  critical  to  the 
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Therapist  * 

Aug  17,  1984  00:00-Aug  17,  1984  23:59 

Date 

Time 

Room 

Patient 

Entry 

Treatment 

RVUs 

No.  ofTx 

Tx  Time 

TA 

CT 

08-17 

12:00 

E509 

A 

15:00 

Med  Neb 

23.24 

1 

30 

154 

4.5 

08-17 

12:00 

E509 

A 

14:17 

Neb  Monit 
HPN  Equip  Setup 
On02 

20.51 

08-17 

08:00 

E509 

A 

11 

46 

Med  Neb 

23.24 

1 

20 

209 

3.5 

08-17 

07:30 

E509 

A 

14 

21 

Neb  Monit 

16.73 

7 

10 

402 

1.5 

08-17 

07:30 

E509 

A 

14 

15 

o2 

08-17 

07:00 

E510 

B 

14 

35 

Neb  Monit 

19.12 

8 

10 

419 

1.5 

On02 

08-17 

13:45 

W623 

C 

14:35 

Pulmo  Exercise 
Med  Neb 

15.04 
23.24 

1 

20 

33 

3.5 

08-17 

09:30 

W623 

C 

14:32 

Pulmo  Exercise 
Med  Neb 

15.04 
23.24 

1 

20 

294 

2.5 

08-17 

13:30 

DSCH 

B 

14:57 

Med  Neb 
**not  done** 

08-17 

11:40 

DSCH 

D 

14:35 

Med  Neb 

*not  done*  off  unit 

08-17 

07:40 

DSCH 

D 

11:44 

Med  Neb 

23.24 

1 

20 

225 

1.5 

08-17 

07:00 

E514 

E 

14:12 

o2 

08-17 

12:30 

E512 

F 

14:45 

IPPB 
CPT 

27.34 
24.61 

1 

35 

224 

4.5 

08-17 

10:30 

E512 

F 

14:45 

IPPB 
CPT 

27.34 
24.61 

1 

35 

224 

4.5 

08-17 

08:30 

E512 

F 

14:41 

IPPB 

27.34 

1 

20 

355 

4.5 

08-17 

07:30 

W629 

G 

14:23 

Neb  Monit 
OnO: 

19.12 

8 

10 

405 

2.5 

08-17 

07:30 

E515 

H 

14:27 

Neb  Monit 

17.12 

8 

10 

408 

1.5 

08-17 

07:15 

W538 

I 

14:29 

Med  Neb 

23.24 

1 

20 

416 

2.5 

Total  RVU 

417.19 

Total  Leng 

th  of  Procedures: 

300  min 

Average  turnaround 

time: 

277.2  min 

Total  computer  time 

46.0  mir 

Average  cc 

mputer  time: 

2.6  min 

TA  =  turnaround  time;  CT  = 

computer  time;  Tx  time  =  treatment  time.  All  time  in  minutes. 

Fig.  3.  Therapist  24-Hour  Management  Report.  This  compares  total  standard  relative  value  units  (RVUs)  to  actual  time 
spent  in  therapy  by  the  therapist.  This  report  also  shows  the  average  computer  turnaround  of  277  minutes  in  1984. 
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LDS  RESPIRATORY  CARE  DEPARTMENT  REPORT  17  AUG  1984 
24-Hour  Management  Report 


RUN  AT  13:31  18  AUG  84 
RUN  TIME:  24  MIN 


SHIFT  TOTALS 


Average  Points 
11.8 

Points 
319.3 

Entries 
446 

Average  Entries 
14.5 

Average  RVUs 
354.79 

RVUs 

9579.43 

Entry  Time 
796 

Average  Time 
1.8 

RVU/DUR 
1.36 

Therapist  DUR 
7021 

Average  Turnaround  Time 
100.7 

Therapists 
27 

Charges 
8014.76 

%  RVUs  Completed 
97.6 

%  Charges  Completed 
98.4 

RX  Completed 

Pulmonary  Exercise 

Medicated  Nebulizer 

IPPB 

CPT 

Intermittent  Nebulizer 

Assessment 

02  (Hrs) 

Nebulizer  Monitoring  (Hrs) 

Suction 

Hyperbaric  RX  (Min) 
[Interhospital  Transport  (Min)] 

Medical  Nebulizer  In-Line 
[Intrahospital  Transport  (Min)] 

Ultrasonic  Nebulizer  Equipment- 
Setup 

Thoracic  Demo 

02  Equipment-Setup 

Standby  (Min) 

Reasons  Treatments  Not  Done 

Not  on  Unit 

Asleep 

Receiving  Other  Care 

Nauseated 

Due  to  Workload 

Refused  Care 

Advised  Not  to  Give 

Unable  to  Complete 

Other 


Total 

87 

85 

18 

53 

1 

38 

1800 

313 

2 

150 

60 

240 

3 
1 

11 
20 


Initial 

14 
2 

1 

3 

1 

17 


RVUs 

1538.08 

2008.20 

508.52 

1353.53 

35.54 

935.18 

1206.00 

748.07 

27.34 

256.50 

60.00 

240.00 


Charges 

814.70 
941.90 
204.52 
1066.00 

14.00 

176.70 

3600.00 

287.96 

13.00 

201.00 

66.00 

2264.00 


41.01 

30.00 

61.52 

35.00 

150.37 

110.00 

20.00 

00.00 

9579.43 


8014.76 


23.24 

10.90 

15.04 

7.90 

15.04 

7.90 

24.61 

20.00 

45.12 

23.70 

30.08 

15.80 

24.61 

20.00 

15.04 

7.90 

38.28 

18.80 

231.06 


132.90 


Fig.  4.  Respiratory  Care  Department  24-Hour  Management  Report. 


outcome  of  the  decision.  It  is  expected  that  data 
will  be  documented  within  30  minutes  of  the  com- 
pletion of  care.  The  average  turnaround  time  was 
270  minutes  in  1984  (Fig.  3),  whereas  in  1992  it 


had  dropped  to  a  mean  (SD)  of  35.14  (0.84)  min- 
utes (Fig.  7). 

Lastly,  the  24-hour  report  documents  the  time 
spent  in  the  act  of  documentation.  We  feel  that  this 
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is  important  to  dispel  the  idea  that  computer  doc- 
umentation is  as  time-consuming  as  manual  doc- 
umentation. An  average  of  2.6  minutes  was  spent 
in  documentation  in  1984  (Fig.  3),  compared  to 
1.37  (0.14)  minutes  in  1992  (Fig.  7). 

LDS  Respiratory  Care  Department 
Individual  Productivity 

Pay  Period 


Name 

Average 

1 

2 

3 

4 

5 

6 

7 

8 

1 

91% 

110 

77 

90 

69 

71 

108 

110 

2 

99% 

102 

96 

3 

91% 

97 

78 

54 

84 

93 

117 

107 

99 

4 

109% 

105 

104 

115 

107 

113 

108 

103 

118 

5 

139% 

134 

180 

117 

195 

132 

110 

108 

6 

120% 

146 

97 

186 

126 

135 

80 

74 

7 

137% 

157 

122 

136 

148 

151 

115 

127 

8 

99% 

107 

95 

103 

112 

96 

77 

102 

9 

121% 

133 

120 

119 

121 

129 

110 

114 

10 

95% 

110 

78 

101 

99 

98 

83 

Fig.  6.  Eight-pay-period  mean  individual  productivity  for 
the  department. 


Medical  and  Management  Corrective/Alert 
Report 

The  Management  Corrective  Action  Report  (Fig. 
8)  is  used  for  monitoring  errors  in  the  docu- 
mentation of  respiratory  care  procedures.  An  ex- 
ample of  a  management  corrective  action  is  an 
overcharge  resulting  from  double-charting.  For  ex- 
ample, if  oxygen  administration  is  documented  for 
more  than  24  hours  in  a  single  day,  a  corrective  ac- 
tion alert  is  printed  so  that  the  charting  and  billing 
can  be  corrected.  Medical  alerting  is  discussed  in 
another  paper  in  this  issue  of  Respiratory  Care.8 


LDS  Respiratory  Care  Department 
Charting  Summary 

Turn  Around 

Elapsed  Minutes 

Time,  mean  (SD) 

35.14(0.84) 

Time/Entry 

1.37(0.14) 

RVU/Therapist 

551  (2.0) 

Total  Entries 

19973 

Fig  7.  Respiratory  Care  Department  data  for  the  period 
09/29-10/27,  1990. 


Productivity  and  Billing  Report 

Productivity  Applications.  By  convention,  pro- 
ductivity is  defined  as  the  ratio  of  input  to  output, 
expressed  as  a  percentage.  The  ratio  of  individual 
hours  paid  to  work  performed  is  an  indicator  of 
productivity.  Respiratory  care  is  a  relative  new- 
comer (1981)  to  the  application  of  this  meth- 
odology in  staff  management.9  Productivity  man- 
agement is  still  not  uniformly  applied  as  a  man- 
agement practice  in  respiratory  care  departments 
nationally;  and  even  in  those  departments  where 
it  is  practiced,  it  is  not  usually  attached  to  the 
annual  performance  review  process.  The  reason 
for  the  lack  of  application  may  be  found  in  the 
diversity  of  the  scope  of  practice  in  respiratory 
care  and  the  lack  of  validated  time  standards  by 
procedure. 

The  American  Association  for  Respiratory  Care 
has  made  significant  contributions  in  this  area  by 
publishing  the  "Respiratory  Therapy  Uniform  Re- 
porting Manual"  in  198 19  and  1984.10  This  manual 
explains  the  basics  of  productivity  management,  in- 
cluding a  list  of  procedures  and  time  standards,  and 
provided  the  framework  for  the  productivity  system 
developed  by  the  Department  of  Respiratory  Care 
at  LDS  Hospital.  Then,  in  1983,  the  Department, 
with  the  aid  of  the  Intermountain  Health  Care 
(IHC)  Industrial  Engineering  Section,  developed  a 
list  of  procedures  performed  in  the  Department, 
and,  with  stopwatch  and  observation,  validated  the 
actual  time  spent  performing  each  procedure  (see 
Appendix). 

Billing.  The  charting  of  completed  procedures  au- 
tomatically generates  the  patient's  hospital  charge. 
Billed  items  selected  during  the  clinical  charting 
determine  what  account  numbers  are  stored.  Billing 
is  an  automatic  byproduct  of  computer  charting  of 
the  procedure.  Multiple  billable  items  are  em- 
bedded throughout  the  charting  so  that  an  item  is 
billed  only  if  it  is  charted.  The  therapist  never  has 
to  prepare  billing  records;  they  are  determined  by 
the  charting.  This  method  provides  direct  correla- 
tion between  the  charted  procedure  and  the  pa- 
tient's bill.  Billing  accuracy  depends  on  the  ther- 
apist's charting  accuracy,  and  mistakes  occa- 
sionally occur,  such  as  charting  on  the  wrong  pa- 
tient or  charting  the  same  procedure  twice.  These 
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LDS  Respiratory  Care  Department 
Corrective  Action  Report 

Reviews  24  Hours  of  Information  from 
23:59  OCT  05,  1992 

ROOM 

CPAP 
PATIENT                                  TOTAL 

VENT                 USN 
TOTAL               TOTAL 

HPN 
TOTAL 

OTHER 
TOTAL 

TOTAL 
02  HRS. 

0001 

Patient  #1                                   0 

>  24  Total  Hrs. 

HPN  Interrupted  or  DC'd 

10                       0 

18 

0 

28 

0002 

Patient  #2                                  0 
>  24  Total  Vent  Hrs. 

26                       0 

0 

0 

26 

0003 

Patient  #3                                  0 
>  24  Total  02  Hrs. 

14                       0 

17 

0 

31 

0004 

Patient  #4 

HPN  Interrupted  or  DC'd 

0005 

Patient  #5                                    0 

26                        0 

5 

0 

31 

0006 

Patient  #6 

HPN  Interrupted  or  DC'd 

0007 

Patient  #7                                  0 
>  24  Hrs.  02 

0                         0 

0 

28 

28 

0008 

Patient  #8 

O2  Interrupted  or  DC'd 

0009 

Patient  #9 

USN  Interrupted  or  DC'd 

0010 

Patient  #10                                0 

28                        0 

0 

0 

28 

0011 

Patient  #11 

Initial  O2  Equip  setup  not  documented 

02  first  documented  10/05.10:00 

Therapist 

0012 

Patient  #12                                0 
>  24  Hr.  USN 

30                        0 

0 

0 

30 

Fig.  8.  24-Hour  Corrective  Action  Report. 


errors  can  be  found  easily  by  the  therapist  when  he/ 
she  reviews  the  charting — or  by  supervisors  when 
they  review  the  24-hour  management  report.  Errors 
can  easily  be  corrected  by  supervisory  personnel. 
Billing  accuracy  is  not  merely  a  concern  to  the  hos- 
pital and  patient,  but  it  also  determines  respiratory 


care  productivity,  which  is  used  to  establish  staffing 
requirements  for  the  department. 

Editing.  Both  billing  and  clinical  charting  can  be 
edited.  If  a  mistake  was  made  in  charting,  a  form  is 
filled  out  by  the  therapist  and  given  to  the  shift  su- 
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pervisor.  The  supervisor  then  uses  programs  avail- 
able only  on  the  department  terminal  to  credit  bill- 
ing overcharges  or  to  delete  duplicate  charting.  One 
systems  program  is  used  to  edit  clinical  charting, 
and  another  systems  program  is  used  to  credit  bill- 
ing overcharges.  In  order  to  maintain  control  of  pa- 
tient-billing functions,  only  specific  supervisors 
can  access  the  editing  and  billing  crediting  pro- 
grams. 

Summary 


development  of  a  medical  alerting  system  that 
alerts  the  Medical  Director  and  Respiratory  Care 
staff  to  potentially  harmful  events  that,  if  untreated, 
may  result  in  increased  morbidity  or  mortality;  and 
(6)  the  development  of  concurrent  and  retrospec- 
tive tools  for  patient-outcomes  research.  These 
functions  are  supported  by  an  active  Medical  In- 
formatics Department  that  is  nationally  recognized 
in  medical  computing  and  logic  application. 
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APPENDIX 

LDS  RESPIRATORY  CARE 

Relative  Value  Units  (RVUs)  by  Procedure 


DESCRIPTION  RVUs 

Assessment  Patient-Chest  Physiotherapy  49.57 

Assessment  Patient-Incentive  Spirometry  24.61 

Assessment  Patient-Oxygen  24.61 

Ventilator/CPAP  Equipment  at  Bedside,  Hour  0.00 

S/U  Pressure  Monitor  (PK.PEEP.MA)  13.67 

Ultrasonic  Nebulizer:  Patient  Care  Monitor,  Hour  2.39 

CPAP  Continuous-New  Born  IBU,  Hour  1 3.67 

Ventilator-New  Bom  IBU,  Hour  13.67 

Special  Procedure:  Trauma  (Charge/minute)  1.00 

Special  Procedure:  CPR  LSU  (Charge/minute)  1 .00 

Manual  Ventilator  Equipment/Supplies  0.00 

Set  Up  Equipment.  Apnea  Monitor  21.87 

Set  Up  End  Tidal  CO:  13.67 

Delivery  Call-Charge/minute  1.00 

CPT  Equipment/Supplies  0.00 

CPT  Instruction/Education  16.40 

Pulmonary  Exercise  Instruction/Education  16.40 

Medications  Nebulizer  Equipment/Supplies  0.00 

Medications  Nebulizer  Instruction/Education  16.40 

IPPB  Equipment/Supplies  0.00 

IPPB  Instruction/Education  16.40 

Transtracheal  Assistance/Education  70.00 

CRS  Therapist  Service  45.00 

Therapist  Assistance/Minute  1.00 
Monitoring  Devices 
Late  Charge  or  Adjustment 

Assessment  Patient-Initial  24.61 

Assessment  Patient-Follow-Up  24.61 

Extubation  13.67 

Therapist  Service  123.02 

Patient  Education  &  Training  43.74 

Airway  Suction  13.67 

Airway  Tracheal  Tube  Change  34. 1 8 

Airway  Tracheal  Lavage  (Instill)  34.18 

Airway  Tube  Care  (Tracheal  Care,  Tie  ... )  1 3.67 

Chest  Physiotherapy  Treatment  24.61 

Chest  Physiotherapy  Infant  (Less  Than  2  Years)  1 2.30 


DESCRIPTION  RVUs 

Chest  Physiotherapy  Treatment-Initial 

and  Education  41.01 

IPPB  Treatment  27.34 

IPPB-Initial  Treatment  and  Education  43.74 

Set  Up  Equipment-Room  Humidifier  6.84 

Medications  Nebulizer  Treatment  23.24 

Medications  Nebulizer  Treatment  In-Line  (Meds)  8.20 

Medications  Nebulizer-Initial  Treatment 

and  Education  39.64 

Nebulizer-A-Patient  Care  Monitor  per  Hour  2.39 

Set  Up  Equipment,  Ultrasonic  Nebulizer  13.67 

Set  Up  Equipment,  Nebulizer  (HPN)  20.51 

O:  Hood-A-Patient  Care  Monitor  Hb  per  Hour  6.84 

Set  Up  Equipment,  Hood  (Monitoring)  20.51 

Portable  O:  System  Service  13.67 

Set  Up  Equipment,  Oxygen  13.67 

Pulmonary  Exercise  Treatment  15.04 

Pulmonary  Exercise-Initial  Treatment 

and  Education  3 1 .44 

Self-Propelled  Nebulizer  Treatment  (Inhaler)  13.67 

Self-Propelled  Nebulizer  Treatment-Initial 

and  Education  30.07 

Sputum  Induction  (NT  Suction)  27.34 

Ventilator-A-Patient  Care  Monitor  per  Hour  13.67 

Set  Up  Equipment,  Ventilator  (Time  Cycled)  2 1 .87 

Set  Up  Equipment,  CPAP  Continuous  21.87 

Set  Up  Equipment,  Ventilator  (Volume)  21.87 

Supplies  and  Equipment  13.67 

Intermittent  Nebulizer  Treatment  (USN  HPN 

Treatment)  19.14 

Medical  Gas,  OVhour  0.68 

Medical  Gas,  Air/hour  0.68 

Intermittent  Nebulizer-Initial  Treatment 

and  Education  35.54 

CPAP  Continuous-A-Patient/hour  13.67 

CPAP  Treatment  41.01 

CPAP  Treatment,  Initial  and  Education  57.41 

Set  Up  Equipment.  Oximetrix  34.18 
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DESCRIPTION 


RVUs 


DESCRIPTION 


RVUs 


Transcutaneous  Monitor  CO;-A-Patient  Care 

Monitor/hour  3.77 

Set  Up  Equipment,  Transcutaneous 

Monitor  CO:  13.67 

Transcutaneous  Monitor  0;-A-Patient  Care 

Monitor/hour  3.77 

Set  Up  Equipment.  Transcutaneous 

Monitor  O;  13.67 

VD/VT  Ratio  (Manual )     54.68 

Blood  Gas  Draw  (Catheter)  5.47 

Blood  Gas  Draw  (Puncture)  15.04 

Bedside  Spirometry  27.34 

PFY  Respiratory  Parameters,  Bedside  (VC) 

Peak  Flow  45.11 

Airway  Intubation  20.5 1 

Airway  Intubation  Assist  20.51 

Set  Up  Equipment.  Hyperbaric  Chamber  20.51 

Specialty  Gas  Treatment  (CO;.  Helium)  1.00 

Specialty  Gas.  Initial  Treatment  and  Education  1 .00 

Special  Procedure:  CPR  LSU  Trauma 

(Charge/Minute)  1.00 

Special  Procedure:  Hyperbaric  Chamber. 

total  body  1 .00 

Special  Procedure:Transport  Intrahospital  1.00 

Intrahospital  Transport  1.00 

Pulse  Oximeter/hour  2.00 

Linde  Walker  Transport  30.00 

Venti-Voice  (Day)  0.00 

Apnea  Monitor/hour  4.00 

Spirometer,  Disposable  Incentive  0.00 

Nasal  Trumpet  Airway  0.00 

Peak  Flowmeter  0.00 

Trachcare  Catheter  0.00 

Hyperbaric  Chamber-lCU  (Minute)  0.00 

Suctioning-Education  216.00 

Ventilator.  Cuirass-Home  600.00 

Ventilator-Home  480.00 


Therapeutics-IPPB  Education 

Breathing  Retraining  Education 

Therapeutics-Nebulizer  Education 

Therapeutics-Ultrasonic  Nebulizer  Education 

Therapeutics-Chest  Physiotherapy  Education 

Oxymizer-Education  and  Training 

Therapeutics-Education  Pulmo-Aide 

Oi  Assessment-Saturation 

O:  Evaluation-Transcutaneous  Monitor 

Therapist  Service  O;  Out  of  State-I 

Therapist  Service  O;  Out  of  Town-I 

Therapist  Service  O:  in  Town-I 

Therapist  Service  O;  Airline 

Therapist  Service  O:  Out  of  State-A 

Therapist  Service  O:  Out  of  Town- A 

Therapist  Service  O;  in  Town-A 

End-tidal  CO:  Monitor/hour 

Pressure  Monitor  (PK.PEEP.M A/hour) 

Airway  Monitor  (VT,RR,MA/hour) 

Oxymizer  Cannula 

Pulmo-Aide  Unit 

Linde  Walker-Fill  Only 

1 : 1  Therapist  Service 

Therapeutics- Apnea  Monitor 

Transtracheal  Kit 

Small  Volume  Nebulizer-Disposable  (Intl)- 
Take  Home 

Small  Volume  Nebulizer-Disposable  (Only)- 
Take  Home 

Inspirease-Take  Home 

Accessory  Kit.  Small  Volume  Nebulizer- 
Take  Home 

Nasal  Cannula  7  foot-Take  Home 

Nasal  Cannula  24  foot-Take  Home 

Assessment  Patient-Bronchodilator 

Assessment  Patient-Basic 


144.00 

63.00 

96.00 

108.00 

168.00 

30.00 

144.00 

138.00 

147.00 

1 80.00 

192.00 

165.00 

300.00 

204.00 

225.00 

141.00 

7.50 

3.75 

3.75 

0.00 

0.00 

15.00 

60.00 

84.00 

0.00 

0.00 

0.00 
0.00 

0.00 
0.00 
0.00 
20.00 
12.00 
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Quality  Assurance  for  Respiratory  Care  Services: 
A  Computer-Assisted  Program 

C  Gregory  Elliott  MD 

I.  Introduction 
II.  History  &  Development 

A.  The  Hospital  Information  System 

B.  Implementation  of  Respiratory  Care  Charting 

III.  Database  Utilization  for  Quality  Assurance 

A.  Medical  Director's  Alert  Report 

B.  Rate-Based  Clinical  Indicators  (Policy  &  Procedure  Screens) 

IV.  Quality  Assurance  of  the  Database 
V.  Discussion  &  Summary 


Introduction 

The  medical  director  of  respiratory  care  is  re- 
sponsible for  assuring  that  established  policies  are 
carried  out,  that  the  quality,  safety,  and  appropriate- 
ness of  respiratory  care  services  are  monitored  and 
evaluated,  and  that  appropriate  actions  based  on 
findings  are  taken.1  The  usual  methods  for  discharg- 
ing these  responsibilities  are  rounds,  at  the  bedside 
or  in  conference,  and  medical  audits.  Rounds  are 
intended  to  provide  concurrent  monitoring  of  pa- 
tient-care activities,  but  they  are  of  necessity  limit- 
ed to  a  small  patient  sample.  Thus,  important  pa- 


Dr  Elliott  is  Medical  Director,  Respiratory  Care,  LDS  Hos- 
pital, and  Associate  Professor  of  Medicine,  Department  of 
Medicine,  Pulmonary  Divisions,  LDS  Hospital  and  University 
of  Utah  School  of  Medicine — Salt  Lake  City,  Utah. 

Much  of  the  material  in  this  paper  appeared  in  Dr  Elliott's 
paper  "Computer-Assisted  Quality  Assurance:  Development 
and  Performance  of  a  Respiratory  Care  Program"  published  in 
Quality  Review  Bulletin  [QRB  1991;17(3):84-90]. 


tient  problems  are  missed.  The  medical  audit  is  de- 
signed to  provide  more  complete  data,  but  the  audit 
is  limited  because  it  is  retrospective  (not  all  data 
may  be  recorded  or  sought),  time-consuming,  and 
samples  only  a  small  fraction  of  the  total  database. 

Because  of  these  limitations,  the  Respiratory 
Care  Department  and  the  Department  of  Medical 
Informatics  at  LDS  Hospital  developed  a  comput- 
er-assisted program  for  the  quality  assurance  of  res- 
piratory care  services.  This  paper  describes  the  de- 
velopment process  and  the  current  operational  stat- 
us of  the  system.  It  also  provides  examples  of  the 
system's  performance,  in  contrast  to  previous 
methods  for  quality  assurance. 

History  and  Development 

The  Hospital  Information  System 

A  hospital  information  system  (HIS)  known  as 
the  HELP  system  has  been  continuously  developed 
at  LDS  Hospital  from  1975  to  the  present.2"4  The 
HIS  system  runs  on  a  Tandem  "non-stop"  com- 
puter, which  provides  a  central  database  that  inte- 
grates all  patient  data  throughout  the  hospital  ac- 


54 


RESPIRATORY  CARE  •  JANUARY  '93  Vol  38  No  I 


COMPUTER-ASSISTED  QUALITY  ASSURANCE 


cording  to  real-time  entries  (Fig.  1).  For  example, 
respiratory  therapists  chart  ventilator  observations 
at  bedside  terminals,  and  laboratory  technicians 
record  arterial  blood  gas  measurements  into  the 
same  database  from  the  laboratory.  Automated  in- 
struments, nurses,  respiratory  therapists,  laboratory 
technicians,  ward  clerks,  and  physicians  enter  data. 
The  system  provides  more  than  650  terminals  and 
printers  for  data  entry  and  retrieval.  At  least  four 
terminals  and  one  printer  are  located  on  each  nurs- 
ing division.  Intensive  care  units  (ICUs)  are 
equipped  with  at  least  one  terminal  at  each  bedside. 

Medical  Knowledge 


Fig.  1.  The  LDS  Hospital  HELP  system  features  an  inte- 
grated patient  database  that  allows  processing  of  the 
data  for  a  variety  of  functions.  Respiratory  care  pro- 
cedures are  charted  into  the  patient  database,  and 
these  data  are  reviewed  every  24  hours  for  quality  as- 
surance of  patient  management  ("alerts").  (Adapted 
from  Reference  5,  with  permission.) 

Once  entered,  the  data  are  available  for  many 
medical  and  administrative  activities,  including 
quality  assurance.  The  central  patient  database  can 
be  analyzed  and  processed  to  present  specific  infor- 
mation to  a  variety  of  health  care  personnel  (data 
processing  in  Fig.  1 ),  including  physicians,  nurses, 
and  administrators.  For  example,  physicians  use  the 
data  processing  function  to  perform  a  variety  of 
physiologic  computations  for  ICU  data.6  Physicians 
also  use  the  data  processing  function  to  organize 
daily  reports  for  clinical  rounds  activities  on  the 
wards  or  in  the  ICUs.  Such  reports  present  nursing 
observations  (eg,  vital  signs,  medications  admin- 
istered), as  well  as  laboratory  data  (eg,  serum  elec- 


trolytes). The  processing  function  also  develops 
alerts  based  upon  predetermined  threshold  values 
(eg,  serum  bicarbonate  <  18  mEq/dL  for  metabolic 
acidosis).7  Alert  reports  for  the  medical  director  of 
respiratory  care  are  one  important  component  of 
the  LDS  Hospital  respiratory  care  quality  assurance 
program. 

Implementation  of  Respiratory  Care  Charting 

By  1984,  advanced  data  acquisition  and  pro- 
cessing existed  in  the  ICUs  and  laboratories,  but 
respiratory  care  charting  was  not  part  of  the  data- 
base, and  processing  of  such  data  relied  upon  la- 
borious retrospective  chart  audits.  Furthermore,  the 
quality  assurance  audits  were  focused,  and  they 
could  not  provide  a  broad  overview  of  the  quality 
and  appropriateness  of  respiratory  care  services. 

Illustrating  the  problem  and  the  potential  solu- 
tion is  the  case  of  an  elderly  woman  with  a  hip 
fracture  who  had  received  inappropriately  pre- 
scribed oxygen  therapy  for  2  months.  Because  ar- 
terial blood  gas  data  had  been  available  in  the  data- 
base, it  appeared  possible  to  have  examined  these 
results  at  the  time  oxygen  therapy  was  ordered. 
Such  concurrent  monitoring  could  identify  and  cor- 
rect problems  in  a  timely  manner,  rather  than  un- 
covering them  months  after  the  fact  in  a  chart  audit. 

In  order  to  provide  surveillance  of  oxygen  ther- 
apy and  other  respiratory  care  procedures,  it  was 
necessary  to  change  respiratory  care  charting  from 
a  hand-entry  to  a  computer-entry  process.  This 
transition  was  implemented  and  evaluated  in  1984.s 
Respiratory  therapists  entered  all  procedures  per- 
formed in  all  areas  of  the  hospital.  Approximately 
18,000  entries  were  made  daily  (LDS  Hospital  is  a 
520-bed  tertiary  care  center  that  provides  a  wide 
variety  of  services  to  medical  and  surgical  pa- 
tients). Evaluation  showed  that  (1)  therapists  fa- 
vored computer  charting,  (2)  management  pro- 
cedures became  more  efficient,  and  (3)  computer 
charting  was  more  complete  than  handwritten  en- 
tries (Fig.  2). 

Once  the  respiratory  care  data  were  in  the  com- 
puter database,  a  quantum  leap  in  respiratory  care 
quality  assurance  activities  became  possible.  The 
tedious  and  time-consuming  process  of  chart  audit 
was  replaced  by  computer  programs.  Many  of  these 
programs  are  real-time,  while  others  take  minutes 
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Fig.  2.  Computer  charting  of  respiratory  care  procedures 
is  more  complete  than  manual  charting.  Computerized 
records  dare  also  more  descriptive  and  legible  than 
manuain  charting.  (From  Reference  8,  with  permission.) 

to  run  and  allow  review  of  all  events  under  study 
rather  than  the  usual  limited  sample.  For  example, 
inadequate  oxygen  therapy  during  intrahospital 
transport  has  been  associated  with  significant  com- 
plications, including  hypotension  and  cardiac  ar- 
rhythmias.1' A  respiratory  care  department  may 
audit  the  compliance  of  its  staff  in  documenting  ox- 
ygen therapy  while  transporting  patients  in  the  hos- 
pital. We  performed  such  an  audit  in  1982  and 
1983,  reviewing  104  charts.  This  process  took  a 
quality  assurance  coordinator  more  than  1  month  to 
gather  the  data.  Since  the  development  of  computer 
surveillance,  all  documentation  of  inspired  oxygen 
fraction  (Fio?)  analyses  for  oxygen  delivery  is  in- 
cluded in  routine  monthly  screens  of  quality  as- 
surance. This  process  provides  consistent  and  com- 
plete data  without  requiring  repetitive,  labor- 
intensive  chart  review.  Furthermore,  sampling  bias 
is  avoided  because  the  system  reviews  every  pa- 
tient. In  1989,  a  monthly  average  of  663  Ficb  anal- 
yses were  reviewed  by  computer  monitoring. 

The  computerized  database  also  allows  con- 
current quality  assurance  of  patient  care.  This  pro- 
cess complements  the  usual  word-of-mouth  or  in- 
cidental identification  of  immediate  patient  problems 
by  providing  systematic  daily  searches  of  the  data- 
base for  events  such  as  cardiopulmonary  arrests. 
Recently  we  demonstrated  the  power  of  these  sys- 
tematic hospital-wide  searches.10  We  sought  to 
identify  patients  who  required  reintubation  within 
24  hours  of  tracheal  extubation.  The  quality  as- 
surance staff,  utilizing  a  chart-review  process,  iden- 


tified 8  events,  whereas  the  computer  surveillance 
system  correctly  identified  24  events  within  24 
hours  of  their  occurrence.  Although  the  time  re- 
quired for  chart  review  was  not  measured,  it  was 
considerably  longer  than  that  taken  by  the  comput- 
er search  of  the  database. 

These  two  processes — concurrent  surveillance 
of  patient  care  (medical  director's  alert)  and  regular 
monitoring  of  respiratory  care  procedures  (policy 
and  procedure  screens) — were  initiated  in  1986  and 
1987." 

Database  Utilization  for  Quality  Assurance 

Medical  Director's  Alert  Report 

The  medical  director's  alert  report  is  a  computer 
printout  that  identifies  potentially  dangerous  situa- 
tions throughout  the  hospital  (Fig.  3).  Every  24 
hours,  a  program  reviews  the  patient  database.  The 
purpose  of  this  review  is  to  identify  dangerous  situa- 
tions in  a  timely  manner.  At  present,  the  alert  iden- 
tifies 9  situations  (Table  1 ).  Each  alert  is  based  upon 
current  medical  knowledge  (eg,  safe  versus  unsafe 
tracheal  tube  cuff  pressures'2).  The  alert  report  'fil- 
ters' out  problems  that  have  been  corrected  (eg,  ar- 
terial hypoxemia  is  not  reported  if  a  subsequent  ar- 
terial blood  gas  documents  a  satisfactory  arterial 
oxygen  tension).  At  present,  the  computer  program 
allows  a  time  'window'  of  6  hours  for  the  doc- 
umentation of  adequate  oxygen  therapy.  In  the  fu- 
ture, time  windows  that  are  appropriate  for  specific 
areas  of  the  hospital  may  be  incorporated.  Thus,  the 
standard  for  documenting  corrected  hypoxemia 
may  be  1  hour  in  the  ICU  and  3  hours  on  the  med- 
ical ward. 

The  medical  director's  alert  illustrates  an  im- 
portant feature  of  HIS.  an  integrated  database.  The 
medical  director's  alert  monitors  observations  made 
by  respiratory  therapists,  arterial  blood  gas  measure- 
ments, and  microbiology  studies  (surveillance  for 
nosocomial  respiratory  pathogens).  The  computer 
program  can  integrate  these  data  for  the  alert  re- 
port, and  the  program  can  incorporate  additional 
data  (eg,  patient  location  in  the  hospital).  Thus,  the 
final  alert  report  contains  processed  information 
that  was  entered  by  the  respiratory  therapist,  the 
blood  gas  laboratory  technician,  and  the  ward 
clerk. 
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THERAPY       ALERT 

REVIEWS  24  HOURS  FROM  06:00    NOY  19 

06:05    NOY  20,  1992 

E807 

11/19  19:00 

Patient's  IC  has  fallen  more  than  25% 

in  24  hours 

W707 

11/19  11:19 

ABGs  have  not  been  drawn  within  6 

hours  of  changing  from  a  Vent.  CPAP, 

or  HPN  to  a  cannula 

E603 

11/20  05:45 

Peak  Pressure:  61  cm 

11/20  05:45 

F102  >  0.60  for  at  least  1 6  hours 

11/19  07:39 

Cuff  Pressure:  30  cm 

E705 

11/19  02:55 

Ex  tu  bated 

Reintubated:  11/19  04:13 

W711 

11/19  20:30 

ABGs  have  not  been  drawn  within  6 

hours  of  changing  from  a  Vent,  CPAP, 

or  HPN  to  a  cannula 

E605 

11/20  (NOC) 

Cuff  Pressure  not  checked  in  first  8 

hours-74141 

E711 

11/19  12:30 

ABGs  have  not  been  drawn  within  6 

hours  of  changing  from  a  Vent,  CPAP, 

or  HPN  to  a  cannula 

W807 

11/19  18:32 

pH:  7.67       PCo::  16.7       Po::  77 

Sa02:  96        F,tM:  21 

Fig.  3.  The  Medical  Director's  alert  report  provides  a  re- 
view of  respiratory  care  charting  and  arterial  blood  gases 
during  the  previous  24  hours. 

These  daily  alerts  lead  to  direct  intervention  by 
the  medical  director  of  respiratory  care.  Shortly  af- 
ter the  alert  system  was  activated,  the  alert  report 
identified  a  seriously  hypoxemic  patient  (Fig.  4). 
The  alert  presented  a  dangerously  low  arterial  oxy- 
gen tension  without  evidence  that  oxygen  therapy 
had  been  intensified,  and  with  evidence  that  the  hy- 
poxemia had  not  been  corrected.  Furthermore,  the 
high  pH  and  low  Pco:  suggested  that  the  hypox- 
emia was  real — ie,  the  sample  was  not  venous 
blood.  The  medical  director  located  the  patient  on  a 
surgical  oncology  floor.  The  patient  had  undergone 


a  radical  neck  procedure  and  tracheotomy.  The 
arterial  blood  gas  had  been  ordered  by  a  "cross 
covering"  house  officer  who  had  been  called  to  the 
operating  room.  Tracheal  suctioning  reversed  the 
hypoxemia.  In  this  example,  the  problem  was  iden- 
tified at  0830  and  corrected  within  the  hour. 

Table   1.  Alert  Conditions  for  the  Medical  Director  of  Res- 
piratory Care* 

Cardiopulmonary  arrest 

PaO:  <  55  torr  or  S;,o:  <  87%t 

F102  ^  0.6  for  more  than  1 6  hours 

PEEP>  10cmH2O 

Tracheal-tube-cuff  pressure  >  27  cm  HiO 

Airway  temperature  >  39°C 

pH  <  7.30  and  PuC0:  >  50  torr 

pH  >  7.54  and  PacO:  <  30  torr 

25%  decrease  of  inspiratory  capacity  on  incentive  spirometry 

*These  conditions  are  identified  from  patient  care  data  entered  during 
the  preceeding  24  hours.  PaO:  =  oxygen  pressure  in  arterial  blood; 
PaCO:  =  carbon  dioxide  pressure  in  arterial  blood;  Fio:  =  inspired 
oxygen  fraction:  PEEP  =  positive  end-expiratory  pressure. 

tCriteria  for  this  alert  include  data  integrated  from  the  ABG  laboratory 
and  respiratory  care  charting.  The  integration  of  data  reduces  the 
number  of  false-positive  alerts. 


Date 


2/1/88  0320  N481  P02  43,  Flo:  0.3 

pH7.71.Pco:  18 

No  ABG  Follow-up  in  6  hours,  Ficn  checked  at  0.3- 
2/1/88,0100. 


Fig.  4.  An  example  of  a  medical  director's  alert. 

Although  such  occurrences  are  rare,  they  illus- 
trate the  important  'safety-net'  function  of  the  med- 
ical director's  alert.  This  safety  net  monitors  all 
areas  of  the  hospital  for  potentially  dangerous  sit- 
uations that  the  patient's  attending  medical  staff 
may  have  missed.  Such  a  function  may  be  par- 
ticularly important  for  respiratory  care  departments 
and  laboratories  as  more  patients  find  themselves 
without  coverage  by  medical  and  surgical  phy- 
sicians in  training  (residents).13 

The  medical  director's  alert  also  leads  to  correc- 
tive action  through  medical  education  or  product 
modifications.  For  example,  review  of  alerts  trig- 
gered by  high  tracheal-tube-cuff  pressures  revealed 
that  most  high  cuff  pressures  originated  in  the 
emergency  room  and  the  operating  room.  Educa- 
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tion  of  the  emergency  room  staff  led  to  routine 
measurement  of  tracheal-tube-cuff  pressure  fol- 
lowing emergency  intubation.  Review  of  anesthesia 
procedures  revealed  that  tracheal  tubes  with  un- 
desirable low-volume,  high-pressure  cuffs  were 
available  for  intubation.  The  incidence  of  high  tra- 
cheal-tube-cuff pressures  was  sharply  reduced  by 
eliminating  the  purchase  of  tracheal  tubes  with 
low-volume,  high-pressure  cuffs. 

Rate-Based  Clinical  Indicators 
(Policy  and  Procedure  Screens) 

In  addition  to  the  medical  director's  alert,  the 
respiratory  care  quality  assurance  program  utilizes 
the  computer  database  to  monitor  19  rate-based 
indicators  of  respiratory  care  procedures  (see  Table 
2  for  examples).  These  indicators  are  "process" 
indicators  (ie,  scientific  data  exist  to  link  the  care 
activities  to  patient  outcomes).  Because  all  data  are 
charted  in  the  computer,  rate-based  clinical  in- 
dicators include  all  procedures  performed  and 
charted.  As  with  the  medical  director's  alert,  the 
processing  function  of  the  HIS  system  provides  the 
data  without  traditional  chart  reviews,  which  are 
time-consuming  and  expensive.  Because  of  the 
ease  of  this  process,  the  respiratory  care  quality  as- 
surance committee  can  review  staff  performance  in 
all  19  areas  monthly,  a  quality  assurance  activity 
that  is  not  possible  with  traditional  methods. 

The  respiratory  care  quality  assurance  commit- 
tee meets  every  3  months  to  review  rate-based  indi- 
cators. The  committee  initiates  additional  assess- 
ment if  a  rate-based  indicator  falls  above  or  below 
predetermined  thresholds.  The  thresholds  were  de- 
veloped statistically  (95%  confidence  interval) 
from  analysis  of  monthly  data  obtained  during  the 
first  year.  Importantly,  these  data  are  developed 
with  a  reproducible  method  (program).  This  allows 
for  continuous  quality  improvement  (ie,  the  effects 
of  educational  programs  or  staffing  changes  on 
rate-based  indicators  of  the  quality  of  care  can  be 
measured).  In  order  to  achieve  continuous  quality 
improvement,  the  educational  or  staffing  change 
should  improve  outcome,  decrease  cost,  or  both.14 

.     Quality  Assurance  of  the  Database 

"Garbage  in  results  in  garbage  out"  aptly  de- 
scribes a  potential  pitfall  of  computerized  quality 


assurance  programs.  The  integrated  medical  data- 
base permits  unprecedented  surveillance  of  res- 
piratory care,  but  how  does  the  surveyor  know  that 
the  database  is  accurate?  Ultimately,  the  surveyor 
must  study  the  accuracy  of  the  database. 

Table  2.    Examples  of  Rate-Based  Clinical  Indicators  for  Res- 
piratory Care* 


Sample  of 

Upper  or 

Monthly  Data 

Lower  Limitt 

Ventilator  care 

F102  analyzed  q  1 2  hours 

96.6 

86.8  (L) 

Circuit  changed  qod 

97.1 

81.8  (L) 

Suction  catheter 

changed  qd 

98.5 

82.6  (L) 

Bronchodilator  aerosols 

Heart  rate  >  1 30  beats/min 

3.0 

3.4  (U) 

Adverse  reaction  to 

medication 

0.4 

0.7  (U) 

Tracheal  tubes 

Cuff  pressure  measured 

q  shift 

96.9 

88.9  (L) 

Cuff  pressure  >  27  cm  tLO 

2.5 

6.0  (U) 

Extubation 

Respiratory  parameters  < 

3  hrs  before  extubation 

88.7 

78.3  (L) 

*A11  data  are  %  of  observations  that  meet  the  departmental  standard  of 

care  or  that  identify  an  adverse  situation. 
tUpper  (U)  and  lower  (L)  limits  represent  95%  confidence  interval  for 

observations  of  these  clinical  indicators  during  the  first  12  months  of 

data  analysis.  An  observation  that  falls  outside  these  limits  is  subject 

to  additional  scrutiny. 


In  1988,  we  chose  to  sample  the  accuracy  of  res- 
piratory care  practitioners'  charting  that  they  had 
changed  components  of  the  ventilator  circuit.  The 
quality  assurance  coordinator  randomly  and  se- 
cretly marked  32  tracheal  suction  catheters  in  clin- 
ical use.  The  coordinator  returned  24  hours  later  to 
see  whether  the  marked  catheters  had  been  re- 
placed. These  direct  observations  were  compared 
with  the  computer  charting  of  tracheal  suction  cath- 
eter changes  for  the  same  time  periods  and  the 
same  patients.  We  found  no  difference  between  the 
direct  observations  and  the  computer  database,  pre- 
sumptive evidence  that  the  computer  database  ac- 
curately reflects  clinical  respiratory  care  practices. 
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Introduction 

Appropriate  therapeutic  intervention  in  the  in- 
tensive-care unit  (ICU)  is  dependent  on  accurate  in- 
terpretation of  patient  data.  If  data  are  not  properly 
collected  and  documented,  treatment  decisions  are 
based  on  misleading  information.  The  effect  can 
have  dire  consequences  for  ICU  patients  receiving 
treatments  such  as  ventilator  therapy  for  respiratory 
compromise  and  intravenous  therapy  for  hemo- 
dynamic instability.  Because  manual  methods  are 
generally  considered  inefficient,  many  ICUs  are  in- 
stalling computer-based  systems  to  improve  data 
collection  and  documentation. 

Standard  computer-based  systems  perform  func- 
tions such  as  database  management,  automated 
data  acquisition,  and  networked  communication 
across  departments.  More  interesting,  from  a 
knowledge-engineering  perspective,  are  systems 
capable  of  advanced  patient  monitoring  and  ther- 
apy planning.  Monitoring  techniques  examine  data 
collected  from  patients  and  trigger  programs  that. 
for  example,  detect  abnormal  trends  over  time  and 


60 


RESPIRATORY  CARE  •  JANUARY  '93  Vol  38  No 


BELIEF  NETWORKS  TO  INTERPRET  DATA 


summarize  data  points  into  increasing  levels  of  ab- 
straction corresponding  to  symptoms  that  warrant 
intervention.1-2  Therapy-planning  systems  organize 
data  into  structures  used  to  select  the  best  treatment 
among  possible  alternatives  or  to  critique  treatment 
plans  under  consideration.3"5 

One  challenge  in  developing  clinical  decision- 
making systems  is  how  to  represent  complex  and 
uncertain  relationships  inherent  in  the  medical 
knowledge  needed  to  interpret  patient  data.  With- 
out the  proper  knowledge  representation,  the  sys- 
tem's ability  to  interpret  data  is  diminished — 
producing  advice  that  is  of  little  clinical  value.  It  is 
difficult  to  capture  all  the  required  knowledge  us- 
ing one  formal  representation;  medical  knowledge 
is  too  diversified.  Well-understood  physiologic 
concepts,  such  as  the  influences  of  heart  rate  and 
stroke  volume  on  cardiac  output,  can  be  accurately 
modeled  with  known  mathematical  equations. 
Poorly  understood  relationships,  such  as  those 
among  many  symptoms  and  interacting  diseases, 
cannot  be  described  by  deterministic  equations.  For 
these  uncertain  relationships,  probability  theory 
provides  a  feasible  alternative. 

We  have  developed  an  architecture  to  combine 
several  knowledge-representation  techniques  that 
work  in  concert  to  monitor  the  ICU  patient  over 
time  and  to  assist  in  ventilator  management.  Imple- 
menting this  architecture,  we  have  combined  tech- 
niques of  mathematical  modeling,  probabilistic  rea- 
soning, and  decision  analysis  into  a  prototype  sys- 
tem called  VentPlan.  We  use  VentPlan  as  a  testbed 
for  investigating  the  feasibility  of  this  architecture 
as  a  model  for  developing  clinical  decision-support 
systems. 

In  this  paper,  we  describe  the  construction  and 
testing  of  the  probabilistic  reasoning  module  called 
VPnet,  which  is  implemented  as  a  belief  network. 
The  belief  network  combines  the  soundness  of  pro- 
bability theory  with  the  flexibility  of  graph  theory 
into  one  method  for  probabilistic  inference.  The  ad- 
vantages of  this  combination  include  an  explicit 
representation  of  uncertain  relationships  among  do- 
main variables  and  the  ability  to  represent  diverse 
data  types  within  a  single  formalism.  VPnet  uses 
patient  measurements  obtained  from  the  bedside  to 
influence  calculations  performed  by  VentPlan's 
mathematical  model.  VPnet  accounts  for  the  un- 


certainty associated  with  these  measurements  and 
provides  a  mechanism  for  representing  the  meaning 
of  measurements  that  were  acquired  previously — a 
concept  we  will  refer  to  as  the  time  decay  of  in- 
formation. The  advantage  of  VentPlan  is  that  a 
greater  portion  of  patient  data  is  available  for  rea- 
soning and  advice  generation.  We  describe  three  ar- 
eas of  VPnet  development  in  this  paper — the  con- 
nection between  VentPlan's  deterministic  model 
and  VPnet,  VPnet  features  of  measurement  re- 
porting and  time  decay,  and  testing  of  VPnet  per- 
formance. 

VentPlan  Overview 

VentPlan  assists  the  health-care  team  in  man- 
aging patients  who  are  connected  to  ventilators.  Be- 
cause of  the  nature  of  ventilator  therapy,  the  health- 
care team  collects  and  monitors  patient  information 
over  time  and  makes  adjustments  to  treatment  in 
the  form  of  ventilator  settings.  VentPlan  receives 
patient  data  as  they  become  available  at  the  bed- 
side, and  it  recommends  ventilator-setting  adjust- 
ments as  changes  in  physiologic  function  are  de- 
tected. VentPlan  is  also  able  to  predict  the  effect  of 
recommended  adjustments  to  the  ventilator  in  the 
form  of  anticipated  steady-state  levels  of  arterial 
oxygen  and  carbon  dioxide. 

An  overview  of  the  VentPlan-system  archi- 
tecture is  shown  in  Figure  l.6  At  the  core  of  the 
system  is  a  mathematical  module  made  up  of  equa- 
tions that  describe  a  three-compartment  model  of 
the  cardiopulmonary  circulation  of  oxygen  and  car- 
bon dioxide.7  Inputs  to  the  mathematical  module 
correspond  to  estimates  of  physiologic  parameters 
represented  directly  in  the  equations.  Two  com- 
ponents make  up  the  mathematical  module.  The 
first,  an  empirical  Bayesian  estimator,  calculates 
the  best  fit  for  the  parameters  of  its  equations  using 
parameter  estimates  and  current  laboratory-test  val- 
ues. This  fit  represents  VentPlan's  understanding 
of  the  patient's  current  physiologic  state.  The  sec- 
ond component,  a  simulator,  works  in  conjunction 
with  the  plan  evaluator  to  determine  the  appropri- 
ate recommendation  for  the  ventilator  settings.  The 
simulator  uses  the  fitted  parameters  to  calculate  the 
physiologic  effects  of  various  ventilator  settings; 
the  plan  evaluator  ranks  the  effects  to  determine 
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which  setting  is  appropriate.  The  plan  evaluator  is  a 
multi-attribute  value  function  that  models  the  trade- 
offs among  various  treatments  and  their  associated 
outcomes.8  A  more  complete  description  of  the 
VentPlan  system  is  available.910 


VentPlan 


Simulator    ; 


Mathematical  module 


Simulated 
effects 


Plan 
evaluator 


Message  to  user 


Fig.  1.  Overview  of  VentPlan  architecture.  Rectangles  in 
bold  outline  show  the  relationships  of  the  belief  network 
(VPnet),  plan  evaluator,  and  mathematical  module.  Ar- 
rows show  the  flow  of  information  during  a  single  cycle  of 
data  analysis.  Adapted  from  Figure  1  in  Reference  6.  Re- 
produced with  permission  from  the  copyright  holder, 
American  Medical  Informatics  Association. 

The  primary  purpose  of  VPnet  is  to  calculate 
prior  parameter  estimates  needed  by  the  mathemati- 
cal model.  In  the  absence  of  VPnet,  the  mathemati- 
cal model  would  have  only  estimates  based  on  typi- 
cal ICU  patients  (population-prior  distributions). 
The  network  converts  inputs,  such  as  the  phy- 
sician's presumptive  diagnosis  and  clinical  ob- 
servations that  are  not  included  in  the  mathematical 
model,  and  calculates  updated  parameter  estimates. 
For  example,  the  diagnosis  of  pneumonia  will  lead 
to  an  increased  estimate  of  the  shunt  and  an  in- 
creased chance  of  sepsis,  which,  in  turn,  can 
change  the  total  peripheral  airways  resistance  and 
oxygen  consumption.  The  central  venous  pressure 
(CVP)  is  correlated  with  the  left  ventricular  end- 
diastolic  pressure  (LVEDP),  which  in  turn  affects 
the  estimate  of  the  cardiac  output.  The  belief- 
network  structure  lets  us  represent  these  types  of 
relationships,  which  are  hard  to  include  in  the 
mathematical  models  used  to  drive  the  therapy- 
planning  system.  In  this  paper,  we  address  two  is- 
sues concerning  the  development  of  VPnet: 


1.  design  of  the  belief  network  to  address  the 
needs  of  the  VentPlan  system  and  the  ICU  do- 
main, and 

2.  development  of  tools  to  assist  with  perfor- 
mance verification  of  the  belief-network 
structure  and  probability  distributions. 

Background 

Belief  networks  are  directed,  acyclic  graphs  in 
which  nodes  represent  domain  variables — such  as 
heart  rate  and  cardiac  output — and  arcs  show  im- 
portant dependencies  among  these  variables."  For 
nodes  without  predecessors  (parents),  the  prob- 
ability of  each  discrete  state  is  given  by  a  prior 
probability  value.  For  nodes  having  predecessors, 
the  probability  of  each  state  is  given  by  a  prob- 
ability that  is  conditioned  on  the  values  of  its  im- 
mediate predecessors.  Conditional  probabilities  are 
equivalent  to  rules  of  the  form  "IF  (predecessors  to 
a  node  have  a  specific  set  of  values),  THEN  (values 
of  that  node  are  given  by  a  stated  probability  dis- 
tribution)." Performing  inference  in  a  belief  net- 
work involves  finding  the  set  of  probabilities  for 
each  node  that  satisfies  the  constraints  of  the  asser- 
tions and  the  conditional  dependencies.  Several 
algorithms  have  been  described  for  evaluating  be- 
lief networks."  u 

Using  belief  networks  to  develop  clinical  sys- 
tems is  not  without  problems.  Development  is  a 
combined  effort  involving  system  developers — 
both  clinical  experts  and  knowledge  engineers. 
Clinical  experts  define  the  network  structure  and 
assess  the  conditional  dependencies  based  on  their 
medical  experience;  knowledge  engineers  use  this 
information  to  implement  and  test  the  resulting  be- 
lief network.  The  number  of  assessments  per- 
formed by  clinical  experts  increases  exponentially 
as  the  number  of  conditioning  parents  for  each  var- 
iable increases  linearly.  Because  there  is  rarely  a 
gold  standard  for  comparison,  system  developers 
often  use  indirect  methods  to  check  the  accuracy  of 
clinical  experts'  specifications. 

In  the  following  section,  we  outline  stages  of  be- 
lief-network construction  that  we  adapted  from 
evaluation  studies  of  rule-based  systems.  We  use 
these  stages  to  organize  our  discussion  of  prior 
work  done  on  construction  tools  that  were  built  to 
assist   knowledge   engineers   and   clinical   experts 
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with  belief-network  development.  In  the  sub- 
sequent section,  we  describe  our  previous  ex- 
perience with  an  earlier  version  of  the  VentPlan  be- 
lief network,  called  DxNet. 

A  Framework  for  Belief-Network  Construction 

Several  investigators  have  outlined  general  stag- 
es for  developing  rule-based  systems.15"1  We  ex- 
tract from  their  conclusions  a  framework  for 
constructing  clinical  systems  using  belief  networks 
(Table  1).  Associated  with  each  stage  is  a  list  of 
tasks  of  specific  concern  when  belief  networks  are 
used. 

Table  I .    Stages  of  Belief-Network  Construction  for  Clinical 
Systems  with  Associated  Tasks* 


Construction  Stage 


Tasks 


1.  Top-level  design 


Development  of  initial 
structure 


3.  Structure  refinement 


4.  Formal  evaluation 


Selection  of  domain  and  tar- 
get populations 
Definition  of  system  purpose 
Specification  of  input  and 
output  variables 

Construction  of  nodes  and 

arcs 
Estimation  of  probabilities 
Debugging  and  informal  test- 
ing of  system 

Adjustment  of  probability 

tables 
Checks  of  test-case 

performance 

Checks  of  performance  on 

clinical  cases 
Measurement  of  end-user 

acceptance 


*Table  was  extracted  from  conclusions  in  References  13  and  14. 


Stage  1 ,  top-level  design,  contains  three  tasks  as- 
sociated with  the  initial  sessions  between  knowl- 
edge engineers  and  clinical  experts — selection  of 
the  domain,  definition  of  the  purpose  of  the  system, 
and  specification  of  input  and  output  variables. 
During  this  stage  the  network  structure  is  not  de- 
fined— the  scope  and  domain  of  the  completed  sys- 
tem are  discussed  in  general  terms.  System  per- 
formance is  judged  at  an  abstract  level — for 
example,  what  is  the  clinical  relevance  of  the  sys- 
tem output  for  patients  it  is  intended  to  assist? 


System  developers  design  the  initial  network 
structure  and  perform  the  preliminary  probability 
assessments  during  Stage  2  of  construction  (Table 
1).  During  this  stage,  clinical  experts  identify  con- 
ditional dependencies  among  the  domain  variables, 
and  knowledge  engineers  informally  test  the  sys- 
tem. Several  investigators  have  built  tools  that  as- 
sist with  developing  the  initial  belief-network  struc- 
ture.17'21 Each  tool  has  an  underlying  algorithm  for 
evidence  propagation  plus  the  ability  to  create  net- 
work structures  and  probability  tables  using  a 
graphical  interface  or  text-file  specification.  De- 
bugging and  informal  testing  features  include  batch 
processing  of  sample  cases  and  graphical  displays 
of  resulting  distributions.  For  example,  using  the 
HUGIN  tool,  the  user  can  modify  the  network  struc- 
ture interactively  and  can  examine  the  resulting 
probability  distributions  in  histogram  format.17 

During  Stage  3,  the  system  developers  refine  the 
initial  network  structure  and  begin  formal  testing  of 
the  system  performance.  Refinement  and  testing 
are  iterative  in  nature.  Knowledge  engineers  run 
test  cases  through  the  system,  clinical  experts  ex- 
amine the  output  and  provide  feedback,  knowledge 
engineers  modify  the  network  based  on  the  feed- 
back, and  the  cycle  is  repeated.  SimNet,  developed 
for  the  Pathfinder  system,  is  one  example  of  a  con- 
struction tool  built  to  assist  developers  with  struc- 
ture refinement.22  SimNet  reduces  the  complexity 
of  structure  refinement  by  partitioning  the  network 
into  smaller  networks  that  contain  only  relevant 
variables.  This  partitioning  confines  the  refinement 
and  probability-assessment  task  to  one  portion  of 
the  network — features  that  discriminate  among  the 
presence  of  similar  disease  states.  By  assuming  that 
diseases  are  mutually  exclusive,  the  SimNet  al- 
gorithm constructs  a  combined  network  that  is 
guaranteed  to  be  consistent  with  the  initial  net- 
works. 

Once  developers  have  refined  the  structure  of 
the  network,  the  system  specifications  are  frozen 
and  a  formal  evaluation  begins  (Stage  4,  Table  1 ). 
In  general,  formal  evaluation  involves  running  cas- 
es of  actual  patient  data  and  then  comparing  system 
output  against  a  predefined  standard.  Spiegelhalter 
and  colleagues  used  assessments  performed  by 
three  cardiologists  to  construct  a  belief  network 
representing  congenital  heart  disease.21  They  then 
compared  the  quality  of  these  assessments  using 
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data  collected  prospectively  on  200  infants.  Based 
on  their  analysis,  the  investigators  developed  gen- 
eral formulas  that  use  observational  data  to  refine 
the  initial  probability  assessments. 

Prototype  Experience:  DxNet 

The  initial  belief  network  used  in  VentPlan  was 
developed  by  Beinlich  et  al  using  a  modified  ver- 
sion of  the  ALARM  system — a  network  that  they 
had  developed  to  detect  the  occurrence  of  an- 
esthetic complications  during  surgical  procedures.24 
The  adaptation  was  undertaken  because  pathologic 
conditions  during  anesthesia  are  similar  to  those 
that  arise  as  complications  in  ventilated  ICU  pa- 
tients. The  prototype  version  contained  87  nodes. 

During  the  structure-refinement  stage  of  DxNet 
construction,  we  confronted  three  design  limita- 
tions that  motivated  us  to  develop  VPnet.6  The  first 
was  redundancy  in  knowledge  representation  be- 
tween the  mathematical  module  and  the  belief  net- 
work. Several  physiologic  concepts,  such  as  the 
relationship  between  oxygen-saturation  measure- 
ments and  arterial-oxygen  levels,  had  a  de- 
terministic representation  in  the  mathematical  mod- 
ule and  a  probabilistic  representation  in  the  belief 
network.  Although  the  redundancy  was  a  potential 
mechanism  for  verification,  the  imprecision  of  the 
calculated  distributions  from  the  network  added 
minimal  information  when  exact  mathematical  rep- 
resentations were  available.  In  addition,  the  com- 
plexity of  the  network  structure  made  it  difficult  to 
debug. 

The  second  limitation  concerned  the  lack  of  a 
temporal  representation  to  discriminate  between 
old  and  recently  acquired  data.  Recall  that  Vent- 
Plan  monitors  the  patient  continuously  by  tracking 
data  over  time.  DxNet  propagated  available  ev- 
idence through  the  network  with  equal  weight; 
there  was  no  notion  of  time  decay  for  old  measure- 
ments. A  consequence  of  not  representing  time  de- 
cay was  that  an  important  measurement  obtained 
infrequently,  such  as  an  arterial-blood-gas  result 
from  over  an  hour  ago,  was  quickly  overshadowed 
by  a  value  obtained  frequently  but  with  less  direct 
measurement  of  the  physiologic  process,  such  as  a 
recent  oxygen-saturation  measurement. 

The  third  design  limitation  resulted  from  under- 
specification  of  ranges  for  the  domain  variables.  In 
DxNet,  the  possible  values  for  each  variable  were 


divided  into  intervals  corresponding  to  ranges,  such 
as  low,  normal,  and  high.  When  reported  values 
crossed  into  different  ranges,  the  shift  in  calculated 
distributions  was  overemphasized  because  of  the 
relatively  small  ratio  of  ranges  compared  with  the 
number  of  possible  values.  So,  for  example,  when 
the  patient's  heart  rate  rose  from  120  to  124  beats 
per  minute,  the  value  shifted  from  the  normal  range 
to  the  high  range.  Because  only  three  intervals 
were  specified  for  heart  rate,  the  shift  in  dis- 
tributions was  relatively  dramatic.  This  effect  prop- 
agated through  the  VentPlan  system,  resulting  in 
changes  in  the  calculated  parameter  distributions. 

Design  Considerations 

We  developed  VPnet  to  calculate  distributions 
for  physiologic  parameters  used  as  input  to  the 
mathematical  module.  We  describe  the  corre- 
spondence between  VPnet  nodes  and  module  pa- 
rameters in  the  next  section.  In  this  section,  we  dis- 
cuss two  design  considerations  related  to  the 
measurements  used  as  inputs  to  VPnet: 

1.  a  method  for  combining  uncertain  and  con- 
flicting evidence,  and 

2.  a  method  for  weighting  evidence  temporally. 

Both  issues  are  related  to  how  ventilator  therapy  is 
administered.  Once  the  patient  is  connected  to  a 
ventilator,  therapy  is  a  continuous  process,  ending 
only  when  the  patient  regains  normal  respiratory 
function  or  dies.  The  health-care  team  relies  on 
clinical  assessment  and  interpretation  of  measured 
data  to  assess  patient  response  and  to  guide  further 
therapy.  For  a  computer-based  system  to  assist  the 
team  with  the  tasks  of  monitoring  the  patient  and 
recommending  ventilator  adjustments,  the  system 
must  be  able  to  capture  the  dynamic  and  uncertain 
characteristics  of  the  measured  data.  The  network 
must  be  able  to  combine  qualitative  and  quan- 
titative measurements  while  capturing  the  un- 
certainty associated  with  these  observations  and  the 
uncertainty  associated  with  conclusions  drawn 
from  the  data.  A  mechanism  is  needed  for  mod- 
eling the  inherent  error  rates  of  monitoring  devices 
and  for  distinguishing  recently  reported  measure- 
ments from  older  measurements. 
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System  Description 


Network  Structure 


Information  stored  on  ICU  patients  forms  a  di- 
versified database.  The  range  of  data  spans  from 
numeric  values  obtained  from  monitoring  devices 
and  laboratory  tests  to  Boolean  values  or  character 
strings  representing  the  presence  or  absence  of 
complex  disease  states.  Figure  2  summarizes  what 
portion  of  information  from  the  ICU  database  is 
used  by  the  modules  inside  VentPlan.  Inputs  to 
VPnet  include  data  routinely  measured  by  the  care- 
giver at  the  bedside,  such  as  heart  rate  and  tem- 
perature, and  information  on  the  presence  of  dis- 
ease states,  such  as  hypovolemia  and  sepsis.  Within 
the  mathematical  module,  measurements  of  cardiac 
output  and  arterial  blood  gases  are  passed  to  the 
empirical  Bayesian  estimator,  and  ventilator  set- 
tings are  passed  to  the  simulator. 


ICU  patient 

database 

Physiologic  states 
Disease  states 


Therapeutic  interventions 
Ventilator  settings    


Laboratory-test  results 
Arterial  blood  gases  — 


Bedside  Monitoring 

—  Heart  rate 

—  Temperature 

—  Pressure 
Cardiac  output 


VentPlan 


^ — T 


Fig.  2.  Flow  of  information  collected  in  the  ICU  and 
passed  to  VentPlan.  The  arrows  indicate  which  data 
types  are  captured  by  VPnet  and  which  are  captured  by 
the  mathematical  module. 

We  now  describe  in  detail  the  structure  and  fea- 
tures of  VPnet.  We  start  with  a  description  of  the 
basic  structure  and  three  types  of  nodes.  We  then  il- 
lustrate how  we  use  the  belief-network  structure  to 
model  the  uncertainty  in  reported  data  and  time  de- 
cay of  previously  acquired  data.  We  end  with  a  de- 
scription of  the  mechanism  for  converting  VPnet 
output  into  parameter  estimates  that,  in  turn,  serve 
as  inputs  to  the  mathematical  module. 


The  VPnet  belief  network  contains  a  total  of  34 
nodes.  Figure  3  introduces  the  basic  structure  and 
node  types  found  in  VPnet:  Diagnostic  nodes 
(black  nodes  in  upper  portion  of  Fig.  3)  represent 
pathologic  conditions  that  occur  commonly  in  ven- 
tilated patients.  Along  the  bottom  portion  are  sub- 
networks shown  as  flattened  gray  ovals.  Each  sub- 
network contains  time,  report,  and  measured- 
variable  nodes.  Time  nodes  are  instantiated  with 
the  amount  of  time  that  has  elapsed  since  measure- 
ments were  reported,  report  nodes  are  instantiated 
with  values  of  the  latest  measurements,  and  meas- 
ured-variable nodes  are  not  instantiated — their  dis- 
tributions are  calculated  from  the  time  and  report 
nodes.  We  discuss  the  details  of  subnetworks  in  the 
next  two  sections.  Intermediate  nodes  are  shown  as 
white  nodes  with  black  outlines.  These  nodes  com- 
bine the  evidence  from  measured-variable  nodes 
with  diagnostic  information.  The  distributions  of  a 
subset  of  intermediate  nodes  (nodes  outlined  with 
thick  lines  in  Fig.  3)  are  used  to  calculate  the  pa- 
rameter estimates  that  are  passed  to  the  mathemat- 
ical module.  VPnet  converts  the  discrete  prob- 
ability distributions  for  cardiac  output,  oxygen 
consumption,  and  pulmonary  shunt  into  continuous 
distributions  with  a  mean  and  variance.  The  mean 
and  the  variance  form  the  parameter  estimates  that 
are  sent  to  the  mathematical  module. 


Hypovolemia 

lettv 

entncular  tailture 

Pulmonary  edema 

1 

w 

Sepsis           Pneu 
A.                 g 

monia  / 

*/ 

/J\ 

02cons/ 

\     c 

< 

/        \       v^ 

"J^^       \         Shunt 

\JS\I     TPflf 

\co/ 

CVP    PCWP 

HR 

MAP     Temperature 

Fig.  3.  The  VPnet  structure.  The  belief  network  repre- 
sents causal  relationships  with  diagnostic  nodes  (  #  ), 
intermediate  nodes  (  O  &  O  ),  and  subnetworks  con- 
taining time,  report,  and  measured-variable  nodes  (  ). 
See  text  for  details.  CVP:  central  venous  pressure: 
LVEDV:  left-ventricular  end-diastolic  volume;  PCWP:  pul- 
monary capillary  wedge  pressure;  HR:  heart  rate;  SV: 
stroke  volume;  CO:  cardiac  output;  TPR:  total  peripheral 
resistance;  MAP:  mean  arterial  pressure,  02Cons:  oxy- 
gen consumption.  Adapted  from  Reference  6.  Page  786. 
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Report-Node  Structure 

We  developed  the  report-node  structure  to  mod- 
el the  distinction  between  reported  measurements 
and  true  values.  Figure  4  illustrates  this  structure. 
Each  of  the  five  measured-variable  nodes — central 
venous  pressure,  pulmonary  capillary  wedge  pres- 
sure, heart  rate,  mean  arterial  pressure,  and  tem- 
perature— has  an  associated  report  node.  The  report 
node  is  instantiated  with  patient  data  sent  to  VPnet. 
During  network  propagation,  the  measured- 
variable  node  combines  evidence  from  the  report 
node  with  additional  information  from  the  rest  of 
the  network  into  the  updated  belief  distribution  on 
the  true  value  of  the  measurement.  Measured- 
variable  nodes  are  divided  into  three  or  five  cat- 
egories covering  the  range  of  possible  physiologic 
values.  Each  associated  report  node  covers  the 
same  range  but  is  divided  into  20  categories. 


Table  2.    Measurement  Variances  Used  To  Calculate  VPnet 
Report-Node  Distributions 


Generic  structure 


o 


Measured  variable 


UL 


Fig.  4.  Association  between  the  report  node  and  the 
measured-variable  node.  The  left  panel  shows  how  the 
measured-variable  node  and  report  node  are  repre- 
sented in  the  belief  network.  The  right  panel  gives  an  ex- 
ample of  how  the  ranges  are  represented  for  each  of  the 
nodes.  Lo:  low  range,  Nml:  normal  range,  Hi:  high  range. 

The  probability  assessment  for  measured-vari- 
able nodes  was  done  by  our  clinical  expert.  Prob- 
ability distributions  for  report  nodes  were  calculat- 
ed using  a  program  that  we  developed  in  Math- 
ematica,  a  system  for  mathematical  computation  by 
computer.25  The  program  required  the  probability 
density  function,  the  variance,  and  the  range  and 
number  of  categories  to  calculate  report-node  dis- 
tributions. For  the  results  shown  in  this  paper,  we 
used  the  density  function  for  the  normal  dis- 
tribution and  the  measurement  variances  listed  in 
Table  2. 

We  use  the  report-node  structure  described  in 
this  section  for  three  reasons.  First,  the  inherent  er- 
ror rates  of  measuring  devices  are  represented  ex- 
plicitly in  the  variances  used  to  calculate  the  prob- 


Report  Node 


Variance  (units) 


Central  venous  pressure 

Pulmonary  capillary  wedge  pressure 

Heart  rate 

Mean  arterial  pressure 

Temperature 


±  4  mm  Hg 
±  1  mm  Hg 
±  25  beats/minute 
±  25  mm  Hg 
±  0.09  °C 


ability  distributions  of  the  report  nodes.  Second, 
because  a  report  node  covers  fewer  values  per  in- 
terval compared  with  the  measured-variable  node, 
the  transitions  in  the  calculated  probability  dis- 
tributions, as  reported  values  cross  interval  boun- 
daries, were  less  dramatic  than  were  the  cor- 
responding transitions  in  DxNet.  Third,  additional 
evidence  propagating  from  the  rest  of  the  network 
is  combined  within  the  actual  measured-variable 
node.  This  combining  feature  provides  a  mech- 
anism for  resolution  of  conflicting  evidence. 

Time-Node  Structure 

VentPlan  is  a  system  that  tracks  patient  data 
over  time  and  recommends  modifications  to  ven- 
tilator settings  as  changes  in  physiologic  function 
are  detected.  Because  the  system  tracks  data  over 
time,  any  call  to  VPnet  includes  measurements 
from  differing  time  intervals.  A  typical  evidence 
set  consists  of  measurements  recently  reported, 
such  as  heart  rate  and  blood  pressure,  plus  meas- 
urements from  past  reports,  such  as  temperature  or 
pulmonary  wedge  pressure.  The  former  are  col- 
lected frequently  (many  reports  per  hour),  whereas 
the  latter  are  recorded  less  frequently  (once  every 
few  hours).  Each  measurement  offers  some  ev- 
idence of  the  patient's  current  physiologic  state,  but 
each  has  a  differing  degree  of  import. 

The  method  we  use  for  incorporating  time  decay 
of  past  measurements  is  illustrated  in  Figure  5. 
Each  report  node  has  an  associated  time-decay 
node.  Each  time-decay  node  has  binary  values — it 
is  false  when  the  measurement  is  first  reported,  it  is 
true  when  the  measurement  was  reported  prior  to 
the  current  time.  As  time  passes,  the  probability  in- 
creases that  reported  measurements  no  longer  rep- 
resent the  current  true  value  of  the  measured  var- 
iable. The  passage  of  time  is  simulated  by  shifting 
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the  bulk  of  the  distribution  gradually  toward  a  true 
value  for  the  time-decay  node.  As  this  shift  occurs, 
the  measured-variable  node  becomes  conditionally 
independent  of  the  report  node.  A  time-lapse  node 
determines  how  the  probabilities  are  distributed  be- 
tween the  values  of  the  time-decay  node.  The  val- 
ues for  the  time-lapse  node  correspond  to  in- 
creasing half-lives  of  exponential  decay.  The  time 
constants  vary  for  each  report  node.  For  example, 
heart  rate  and  blood  pressure  have  time  constants 
of  10  minutes,  whereas  pulmonary  pressure  and 
temperature  have  time  constants  of  1  hour. 


(3  q:  pi  wp 
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Fig.  5.  The  structure  of  the  VPnet  time-decay  and  time- 
lapse  nodes.  In  this  example,  the  measured-variable 
node  is  the  PCWP,  and  the  report  of  PCWP  is  set  to  4 
cm  H20.  The  time-lapse  node  for  PCWP  is  instantiated 
with  time  lapse  =  current  (Panel  1),  time  lapse  =  one 
half-life  at  t  =  10  minutes  (Panel  2),  and  time  lapse  = 
greater  than  three  half-lives  at  t  =  24  hours  (bottom  pan- 
el). The  distributions  on  the  PCWP  are  boxed  within  a 
dashed  rectangle  in  each  panel  to  highlight  the  reduced 
influence  of  the  report  of  PCWP  on  the  PCWP  node  as 
the  report  of  PCWP  ages.  Adapted  from  Reference  6, 
Page  787. 

Connection  between  VPnet  and 
Mathematical  Module 

Once  evidence  has  propagated  through  the  net- 
work to  establish  values  for  the  nodes  corres- 
ponding to  parameters  of  the  mathematical  model, 
these  in  turn  must  be  converted  to  continuous  dis- 
tributions. The  steps  of  this  process  are  illustrated 
in  Figure  6.  There  is  a  one-to-one  correspondence 
between  the  subset  of  VPnet  intermediate  nodes 
and  three  module  parameters — cardiac  output,  oxy- 
gen consumption,  and  pulmonary  shunt.  For  each 
corresponding  node,  VPnet  calculates  a  probability 


distribution  (Pt P„,  where  n  equals  the  number 

of  categories)  over  the  range  of  possible  discrete 
values  (c//...,  a„+\).  We  convert  the  discrete  dis- 
tributions into  normal  distributions  by  calculating 
the  mean  and  the  variance. 
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Fig.  6.  Connection  between  the  mathematical  module 
and  VPnet.  Broken  arrows  indicate  the  steps  that  are 
performed  in  converting  discrete  probability  distributions 
into  continuous  normal  distributions,  which  are  used  by 
the  mathematical  module. 

The  means  and  the  variances  form  the  set  of  pa- 
rameter estimates  that  are  passed  to  the  mathemat- 
ical module.  The  mathematical  module  combines 
the  estimates  with  arterial-blood-gas  data  and  car- 
diac-output measurements  to  calculate  the  physio- 
logic-model parameters.  Table  3  shows  the  param- 
eter estimates  that  VPnet  calculated  using  the 
method  described  in  this  section  for  1 0  patient  sce- 
narios.6 

Status  Report 

VPnet  is  implemented  in  LightSpeed  Pascal  on 
the  Apple  Macintosh  II,  using  the  Lauritzen- 
Spiegelhalter  algorithm  for  network  evaluation.14 
The  current  implementation  evaluates  the  network 
with  any  possible  evidence  set  in  less  than  2  sec- 
onds. The  next  section  describes  the  tools  that  we 
used  to  construct  and  test  the  network.  The  sub- 
sequent section  describes  the  tools  that  we  used  to 
construct  a  library  of  patient  cases  that  will  be  used 
to  evaluate  the  effect  of  VPnet  on  VentPlan  per- 
formance. 

VPnet  Network-Structure  Construction 
and  Testing 

Construction  of  the  network  structure  and  initial 
probability  assessment  were  performed  primarily 
using  HUGIN  and  one  clinical  expert.17  The  HUGIN 
environment  has  a  graphical  interface  that  allows 
generation  of  test  cases  with  immediate  network 
update  and  display  of  node  distributions  in  histo- 
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Table  3.    The  Results  of  Evaluating  the  Network  with  Measured-Variable  Nodes  and  Diagnosis  Nodes  Directly  Instantiated.  Show- 
ing the  Effect  of  Evidence  on  Parameter  Distributions* 


Evidence 

Parameter  Mean 

Cardiac 

Oxygen 

Output 

Shunt 

Consumption 

HR 

MAP 

Temp 

CVP 

PCWP 

DX 

(L/min) 

Fraction 

(mL/min) 

_ 

_ 

- 

- 

- 

- 

5.3(2.2) 

0.07  (0.07) 

281 (83) 

N 

N 

N 

- 

- 

- 

5.2(1.6) 

0.07  (0.07) 

248(53) 

H 

N 

H 

- 

- 

- 

6.8(2.2) 

0.07  (0.08) 

383 (74) 

H 

N 

H 

- 

L 

- 

6.4(2.3) 

0.07  (0.08) 

379(76) 

H 

N 

H 

- 

L 

Sepsis 

7.4(1.9) 

0.16(0.11) 

383 (74) 

H 

L 

VH 

- 

L 

Sepsis 

4.9(2.4) 

0.16(0.12) 

388(71) 

H 

N 

N 

- 

- 

- 

5.6(2.3) 

0.07(0.07) 

291 (84) 

H 

N 

N 

H 

- 

- 

5.5(2.3) 

0.07  (0.07) 

291 (84) 

VH 

L 

N 

H 

H 

- 

3.9(2.3) 

0.07  (0.07) 

278(72) 

VH 

N 

N 

H 

H 

Pul  Edema 

3.5(1.9) 

0.16(0.11) 

276(69) 

*Numbers  are  mean  (SD).  VH:  very  high  measurement.  H:  high  measurement.  N:  normal  measurement.  L:  low  measurement.  -:  no  value  asserted. 
HR:  heart  rate.  MAP:  mean  arterial  pressure.  Temp:  temperature.  CVP:  central  venous  pressure.  PCWP:  pulmonary  capillary  wedge  pressure.  DX:  di- 
agnosis. Pul  Edema:  diagnosis  of  pulmonary  edema.  Adapted  from  Reference  24.  Page  788.  and  reproduced  with  permission  from  American  Medical 
Informatics  Association. 


gram  format.  The  dynamic  nature  of  the  interaction 
enabled  our  clinical  expert  to  verify  the  per- 
formance of  the  initial  network  structure  by  in- 
stantiating various  nodes  and  observing  network 
behavior.  Sample  case  scenarios,  similar  to  those 
shown  in  Table  3,  were  created  to  simulate  pro- 
gressive worsening  of  disease  states  modeled  in  the 
network.  So,  for  example,  in  the  presence  of  nor- 
mal values  for  heart  rate,  blood  pressure,  and 
temperature,  the  network  calculated  intermediate- 
node  probabilities  with  means  in  the  normal  range, 
and  diagnostic  node-distributions  with  means  shift- 
ed toward  absence  of  disease.  This  informal  testing 
allowed  us  to  verify  the  dependencies  modeled 
among  the  variables  represented  in  VPnet's  net- 
work structure  to  the  satisfaction  of  our  domain  ex- 
pert. 

Once  the  internal  structure  of  the  network  was 
tested,  we  developed  two  versions  of  a  question- 
naire, each  containing  a  separate  subset  of  eight  pa- 
tient cases.  Each  patient  case  included  a  single  di- 
agnosis and  a  set  of  hemodynamic  parameters. 
Physicians  were  asked  to  estimate  the  distribution 
of  three  physiologic  variables  for  each  patient  case. 
The  variables  corresponded  to  VPnet  nodes  used  to 


calculate  parameter  estimates  passed  to  the  math- 
ematical module.  By  asking  for  these  distributions, 
we  were  able  to  compare  the  mean  and  variance 
calculated  by  VPnet  with  the  midpoint  and  range 
specified  by  physicians.  Questionnaires  were  dis- 
tributed to  five  internists  in  the  Division  of  Health 
Services  Research  and  to  one  ICU  intensivist  in  our 
institution.  Figure  7  details  the  relationship  be- 
tween responses  and  calculated  means  for  each  of 
the  16  cases.  Each  point  on  the  graphs  plots  the 
correspondence  between  the  calculated  mean  and 
the  midpoint  average  for  all  physicians  responding 
to  that  case.  The  correlation  coefficients  for  the 
three  parameters  fell  between  0.67  and  0.81.  VPnet 
routinely  calculated  a  slightly  lower  cardiac  output 
and  a  slightly  higher  shunt  than  was  estimated  by 
the  physicians.  Differences  in  oxygen-consumption 
distributions  were  consistently  small,  with  a  tighter 
range  specified  by  the  calculated  VPnet  variance 
than  by  the  physicians. 

Patient-Case  Library  Construction 

We  installed  an  automated  data-collection  sys- 
tem in  the  surgical  ICU  at  the  Veteran's  Ad- 
ministration Hospital  in  Palo  Alto,  California.  The 
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Cardiac  output 


Fig.  7.  Individual  data  points  for  all 
parameters.  Each  panel  corresponds 
to  a  different  physiologic  parameter, 
labeled  at  the  top.  The  graphs  plot 
the  average  for  the  questionnaire  re- 
sponses (x-axis)  versus  the  mean 
calculated  by  VPnet  (16  cases,  six 
respondents).  The  linear  equation 
and  correlation  coefficient  are  also 
given  for  each  parameter. 


system  includes  the  necessary  hardware  and  soft- 
ware to  interface  directly  with  the  bedside  monitor, 
ventilator,  and  pulse  oximeter.  We  can  scan  each  of 
these  devices  as  frequently  as  every  5  seconds — 
and  can  store  the  time,  value,  and  description  of 
each  measurement  collected.  Our  longest  case  runs 
approximately  16  hours,  with  data  collection  rang- 
ing from  once  every  10  seconds  to  once  per  minute. 
We  collect  blood-pressure  measurements  every  10 
seconds  to  correlate  the  arterial-blood-gas  reports 
with  time  of  the  actual  blood  draw.  Blood-gas  in- 
formation is  collected  manually  and  must  be  in- 
tegrated into  each  test  case  based  on  when  the  spec- 
imen was  collected,  not  on  when  the  results 
become  available. 

We  currently  have  in  our  patient  library  14  cases 
that  we  collected  using  this  system.  The  library 
provided  us  with  a  rich  source  of  data  for  testing 
VentPlan  performance  during  the  early  stages  of 
development.  We  are  using  the  patient  library  to 
compare  VentPlan  performance  with  and  without 
the  belief  network.  Because  parameter  estimates 
have  the  same  form  no  matter  how  they  are  gener- 
ated, it  is  possible  to  run  VentPlan  by  replacing  dis- 
tributions calculated  from  VPnet  with  distributions 
that  reflect  values  typically  found  in  ventilated  ICU 
patients. 


Lessons  Learned 

We  have  described  a  belief  network  designed  to 
model  the  relationships  among  direct  measure- 
ments of  physiologic  variables  and  concepts  of  in- 
termediate physiologic  states  and  disease  pro- 
cesses. Based  on  the  testing  completed  to  date,  we 
identify  three  major  areas  needing  further  develop- 
ment. The  first  is  the  representation  of  the  com- 
plexity of  disease  states.  VPnet  would  benefit  from 
a  richer  representation  of  disease  states  that  in- 
cluded severity  of  disease;  it  would  also  benefit 
from  the  addition  of  more  of  the  disease  states  that 
commonly  occur  in  ICU  patients. 

The  second  limitation  stems  from  assumptions 
we  make  concerning  a  normal  distribution  in  the 
parameters  we  calculate.  Many  variables  cannot  be 
negative  and  thus  have  skewed  distributions  not 
modeled  accurately  by  a  normal  curve — for  ex- 
ample, the  shunt  varies  from  0  to  1.  but  the  normal 
physiologic  value  is  near  0.  We  are  testing  solu- 
tions to  this  problem  with  the  use  of  data  trans- 
formations. 

The  third  limitation  is  the  need  for  computer- 
based  tools  for  formal  evaluation  of  VPnet  per- 
formance. An  important  consideration  of  formal 
evaluation  is  that  domain  experts  are  likely  to  be 
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unfamiliar  with  probabilistic  reasoning  and  with  in- 
terpretation of  probability  distributions.  We  need  a 
method  that  hides  the  network  structure  and  cryptic 
output  and  draws  attention  only  to  information  per- 
tinent to  the  evaluation  task.  A  computer-based  tool 
would  provide  two  main  advantages  over  the  ques- 
tionnaire. First,  the  case-selection  task  would  be 
left  to  the  clinical  expert.  An  input  screen  would  al- 
low the  expert  to  create  a  set  of  VPnet  inputs  dy- 
namically. Inputs  include  values  from  bedside 
measurements,  such  as  heart  rate  and  blood  pres- 
sure, as  well  as  diagnostic  information.  Second,  by 
displaying  the  network  output  to  the  clinician  and 
allowing  the  opportunity  for  modification,  we  can 
capture,  store,  and  retrieve  for  later  reuse,  a  log  of 
each  session.  This  feature  would  enable  us  to  make 
maximal  and  efficient  use  of  clinical-expert  feed- 
back. 

Conclusions 

VentPlan  allows  us  to  test  the  feasibility  of  a 
combined  approach  for  reasoning  techniques  in 
building  therapy-planning  systems  for  ventilator 
management.  We  use  the  mathematical  module  to 
reason  about  the  physiology  of  oxygen  transport, 
the  plan  evaluator  to  account  for  trade-offs  as- 
sociated with  ventilator  therapy,  and  the  belief  net- 
work to  make  use  of  patient-specific  measurements 
and  to  capture  the  uncertain  influences  among 
physiologic  concepts. 

We  have  described  a  method  for  using  belief 
networks  to  modify  parameter  estimates  passed  to 
the  mathematical  module  using  patient-specific  evi- 
dence. We  have  described  methods  that  model  the 
uncertainty  of  reported  evidence  and  the  time  de- 
cay of  past  information.  Using  a  sample  of  phy- 
sician estimates,  we  compared  the  calculated  VPnet 
distributions  and  found  encouraging  preliminary  re- 
sults. We  now  face  the  task  of  a  formal  evaluation 
of  VPnet  as  a  belief  network  and  as  a  functioning 
part  of  VentPlan. 

Formal  evaluation  has  been  one  of  the  biggest 
challenges  for  system  developers.  For  belief  net- 
works, evaluation  primarily  means  verifying  prior 
and  conditional  probability  distributions;  for  ther- 
apy-planning systems  such  as  VentPlan,  it  means 
developing  measurements  that  test  the  accuracy  of 
complex  systems.  Because  the  luxury  of  a  gold- 


standard  comparison  often  is  not  available,  we  look 
to  approximate  methods.  The  use  of  estimates  ob- 
tained from  clinical  experts  is  one  approach.  Our 
experience  and  that  of  other  investigators  indicate 
that,  when  collected  with  the  proper  tools,  correla- 
tion with  human  judgment  can  contribute  to  ver- 
ification of  system  performance. 

We  have  tested  the  performance  of  VentPlan' s 
mathematical  module  and  plan  evaluator  under 
conditions  of  fixed  prior-parameter  distributions.6 
We  have  not  yet  verified  the  effect  of  VPnet  on 
VentPlan  performance.  The  challenge  lies  in  creat- 
ing test-case  scenarios  that  simulate  real-life  data- 
collection  activities  of  the  ICU  environment  and  in 
developing  standards  for  measuring  performance. 
In  exploring  these  issues,  we  hope  to  gain  insight 
into  important  design  requirements  for  general 
evaluation  tools. 
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History  and  Development  of 
Ventilator  Function 

Vesalius  through  the  1970s 

Before  we  attempt  to  determine  why  the  func- 
tion of  a  ventilator  might  be  enhanced  or  improved 
by  the  inclusion  of  one  or  more  microprocessors  in 
the  design  of  the  device,  it  may  prove  worthwhile 
to  ask  what  ventilators  do.  Perhaps  they  do  more 
today  than  they  did  in  the  past. 
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The  history  of  ventilation  is  well  known  and 
needs  only  to  be  referenced  here  (see  also  the  thor- 
ough bibliography  by  Kacmarek').  In  the  middle 
of  the  16th  century,  the  foundations  of  modern 
medical  thinking  were  cast  by  Andreas  Vesalius.2 
His  two  tomes  are  inspirational,  even  today.  He 
presented  the  first  documented  evidence  that  air 
blown  into  the  trachea  of  a  dog  could  maintain  the 
steady  and  vigorous  rhythm  of  its  heart.  As  with  so 
many  important  initial  discoveries,  an  immediate 
full  and  complete  understanding  of  the  original  ob- 
servations was  lacking. 

Vesalius' s  observations  were  rediscovered  and 
elaborated  on  by  Hook  in  the  middle  of  the  1 7th 
century.3  As  an  interesting  aside,  it  appears  that 
Hook   serendipitously   discovered   high-frequency 
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ventilation.  But  like  Vesalius  some  100-plus  years 
earlier,  he  could  only  describe,  rather  than  explain, 
his  observations. 

Just  prior  to  the  start  of  the  20th  century,  com- 
mercial ventilation  became  available  with  the  intro- 
duction of  the  Fell  O'Dwyer  Pulmoflator.4"84190' 
Interestingly,  the  commercialization  of  ventilation 
was  no  longer  limited  by  functional  misunder- 
standing; rather,  the  product  was  delayed  due  to  the 
lack  of  a  means  to  introduce  breathing  gas  distal  to 
the  larynx.  During  the  first  half  of  the  1900s,  ven- 
tilators became  motorized,  but  they  did  little  more 
than  force  gas  into  the  lungs  and  allow  it  to  escape 
passively. 

The  polio  epidemics  of  the  1950s,  both  in  the 
United  States  and  in  Europe,  provided  the  impetus 
to  legitimize  positive-pressure  ventilation  in  the 
eyes  of  the  medical  community .4(206"220)  Soon,  a  va- 
riety of  ventilators  became  available,  some  pres- 
sure-based, some  volume-based,  and  some  with  pa- 
tient-triggering. Even  the  introduction  of  feedback 
control  of  gas  delivery  did  little  to  enable  the  prac- 
titioner to  manage  the  patient's  work  of  breathing. 
Ironically,  the  work  of  breathing  spontaneously 
was  best  managed  by  providing  the  patient  with 
continuous  flow,  which  could  be  achieved  without 
a  mechanized  ventilator.5  This  scenario  persisted 
up  to  approximately  1980.  Most  certainly,  the  pe- 
riod 1950-1980  saw  many  noteworthy  improve- 
ments in  ventilator  design. 

Monitoring  began  with  just  an  airway-pressure 
manometer.  Later,  alarming  for  low  and  high  pres- 
sure was  added.  Exhaled-tidal-volume  monitoring 
was  added  and  extended  to  include  alarming  for 
low  exhaled  tidal  volume  (V-r)  and  minute  ventila- 
tion. A  fail-to-cycle  alarm  provided  a  measure  of 
added  security.  The  addition  of  metabolic  measure- 
ments in  the  late  1970s  marked  a  departure  from 
the  ventilator  as  a  single-function  device.  However, 
the  relatively  low  acceptance  of  this  feature,  even 
to  this  day,  represents  concern  on  the  part  of  the 
practitioner  that  the  ventilator  as  a  metabolic  mon- 
itor lacks  the  necessary  accuracy.  Notwithstanding 
the  improvements  in  design,  monitoring,  and 
alarming,  the  ventilator  strayed  little  from  a  single- 
function  product.  The  focus  of  the  ventilator,  de- 
spite repeated  attempts  at  enhanced  function6  and 
design,4'6'4"618'  remained  that  of  gas  delivery. 


1980 — The  Beginning  of  the  Third  Generation 

The  decade  that  began  with  1980  saw  more  than 
the  application  of  advanced  engineering  to  ven- 
tilator design.  I  have  discussed  the  broad  and  gen- 
eral aspects  of  this  theme  elsewhere7  and  will  re- 
frain from  detailed  discussion  in  this  paper.  In 
general  terms,  several  factors  converged  as  the 
1980s  began.  Clinicians  and  engineers  had  been 
acutely  aware  of  the  potential  of  applying  digital, 
microprocessor-based  electronics  to  ventilator  de- 
sign, but  they  were  inhibited  from  acting  too  hasti- 
ly, as  price  and  computing  power  remained  cost- 
ineffective  until  approximately  1980.  Once  this 
barrier  was  breached,  the  technical  limitations  that 
had  thwarted  the  design  of  a  ventilator  around  one 
or  more  microprocessors  vanished.  A  second  theme 
quickly  crystallized:  The  ventilator  could  be  visual- 
ized— albeit  only  hazily — as  something  more  than 
just  a  gas-delivery  machine.  And  lastly,  there  were 
notable  advances  in  the  design  of  gas-delivery 
valves  (flow-control  valves)  that  were  particularly 
advantageous  to  the  implementation  of  more  re- 
sponsive gas-delivery  systems. 

For  the  first  time,  a  ventilator  could  be  visual- 
ized as  something  more  than  a  single-function  de- 
vice, a  box  that  delivered  breathing  gas  to  an  in- 
tubated patient.  (Even  this  last  notion,  intubation,  is 
changing;  with  greater  frequency,  the  literature 
speaks  about  successful  face-mask  ventilation.8) 
Because  of  the  unique  role  of  the  ventilator  in  the 
life-support,  ICU  setting,  it  becomes  more  and 
more  acceptable  to  think  of  the  ventilator  as  a  sys- 
tem whose  goal  is  the  safe  and  effective  man- 
agement of  the  patient's  respiratory  function.  This 
line  of  thinking  implies  that  the  ventilator  has  be- 
come a  tool  for  the  management  of  the  work  of 
breathing  and  gas  exchange.  Given  the  anticipated 
fruition  of  many  of  today's  research  projects,  this 
expectation  broadens  yet  further.  It  seems  quite  rea- 
sonable to  expect  that  the  ventilator  of  the  future 
will  report  the  patient's  metabolic  state;  manage 
oxygen  delivery;  calculate  cardiac  output:  syn- 
chronize breath  delivery  with  the  cardiac  cycle  to 
maximize  cardiac  output,  or  at  least  minimize  the 
potentially  deleterious  impact  of  positive-pressure 
ventilation  on  cardiac  hemodynamics:  and.  lastly, 
perform  all  of  these  functions  automatically  or  at 
least   presenting   consensus-based   advisory    mes- 


RESPIRATORY  CARE  •  JANUARY  '93  Vol  38  No  1 


73 


MICROPROCESSOR-BASED  MECHANICAL  VENTILATION 


sages  to  the  practitioner  for  confirmation  or  mod- 
ification. (Recent  and  apparently  positive  results 
with  a  'simple,'  protocol-based  ventilator-manage- 
ment program910  suggest  that  this  approach  may 
have  far-reaching  implications  regarding  standards 
of  care.) 

At  this  point,  it  is  fair  to  ask  what  micro- 
processor-based electronics  and  the  aforementioned 
ideas  have  in  common.  The  answer,  I  would  sug- 
gest, is  literally  everything.  The  operation  and  con- 
trol of  the  system  just  enumerated  are  hardly  im- 
aginable without  the  diverse  power  and  flexi- 
bility— the  intelligence — of  a  microprocessor- 
based  (or  multiprocessor-based)  design.  Individual 
subsystems  within  the  overall  scheme  could  be  an- 
alog- or  digital-based,  but  very  likely  a  single-  or 
multi-processor  design  would  be  employed  to  run 
the  system.  In  the  remainder  of  this  paper,  I  will 
discuss  ventilator  design,  current  and  future,  sub- 
system by  subsystem,  with  respect  to  the  ad- 
vantages of  microprocessor-based  control. 

The  Pneumatic  Subsystem 

The  Mechanics  of  Flow  Delivery 

Whatever  else  a  ventilator  may  be,  at  its  very 
heart  it  is  a  gas-delivery  system.  If  the  aim  of  a 
ventilator  is  the  management  of  the  work  of  breath- 
ing and  gas  exchange  (here  I  am  referring  to  an 
ICU-level  device),  there  is  little  room  for  trading 
degraded  performance  for  price  reduction.  Outside 
of  the  ICU,  this  trade-off  may  make  economic 
sense,  but  the  cost-performance  ratio  is  now  de- 
clining so  rapidly  that  a  design  offering  mediocre 
performance  costs  only  fractionally  less  than  one 
offering  high  performance.  Even  in  home  care, 
where  patients  presumably  can  more  readily  be  in- 
tegrated with  lower-performance  systems,  more  ef- 
ficient designs  (currently  in  prototype)  appear  to 
offer  superior  performance  for  the  same  price.  (See 
Reference  1 1  for  recent  studies  of  assist-control 
ventilation  and  the  work  of  breathing.) 

As  recently  as  a  few  years  ago,  the  term  "pneu- 
matic subsystem"  uniquely  defined  the  means  by 
which  gas  delivery  to  the  patient  was  controlled. 
Today,  it  is  more  correct  to  include  the  expiratory 
valve  as  another  element  enhancing  the  gas- 
delivery  function.  I  will  first  discuss  gas  delivery 
and  exhalation  as  separate  functions — and  then 
combine  them  later. 


Fig.  1.  Three  types  of  volume-displacement,  pneumatic 
designs.  Panel  A:  the  "bag-in-a-chamber"  implemen- 
tation. As  the  bag  expands,  it  fills  with  mixed  gas.  Pres- 
surization  of  the  chamber  outside  of  the  bag  causes  it  to 
collapse,  driving  gas  into  the  patient's  lungs.  Panel  B:  the 
piston-and-cylinder  implementation.  As  the  piston  moves 
to  the  rear,  mixed  gas  enters  the  cylinder.  Forward 
movement  of  the  piston  expels  the  gas,  driving  it  into  the 
patient's  lungs.  Panel  C:  the  linear-motor,  rolling-seal  im- 
plementation. The  operations  of  this  and  the  piston-and- 
cylinder  designs  are  similar,  except  for  the  virtual  elim- 
ination of  piston-to-cylinder  friction  due  to  the  rolling  seal. 
Driven  by  the  linear  motor,  the  system's  responsiveness 
rivals  that  of  proportional-valve  designs  (see  Fig.  2). 

Throughout  the  evolution  of  pneumatic  sub- 
systems, several  common  designs  stand  out.  From 
an  engineering  perspective,  it  is  convenient  to  di- 
vide these  designs  into  two  broad  categories:  vol- 
ume-controllers and  flow-controllers.  Figure  1  il- 
lustrates three  examples  of  volume-controllers. 
Panel  A  represents  volume  displacement  via  a  col-' 
lapsible  bag.  The  bellows  or  bag  typically  contains 
the  breathing  gas,  which  is  expelled  by  pressurizing 
the  outer  chamber.  Because  the  response  time  and 
flexibility  of  flow-control  valves  are  generally  su- 
perior to  the  "bag-in-a-chamber,"  this  once-popular 
design  is  rarely  found  in  ICU-type  ventilators  to- 
day. Typical  examples  of  the  bag-in-a-chamber  in- 
clude the  MA- 1  and  2  and  the  Monaghan  225  ven- 
tilators.  Most  anesthesia   ventilators  employ  this 
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design  because  the  bag  effectively  separates  the 
breathing  gas  from  any  mechanical  contamination. 

Interestingly,  the  motor-driven  piston  (Panel  B) 
has  possibilities  not  realized  earlier  because  of  its 
dependence  on  piston-to-cylinder  friction  and  a  rel- 
atively slowly  responding  motor  and  crankshaft  as- 
sembly. This  design  is  still  found  in  the  Emerson 
ventilators  and  some  home-care  ventilators.  Lead- 
screw  motors  have  improved  the  flexibility  and  re- 
sponse time,  but  rotational  inertia  still  places  lim- 
itations on  the  design.  Whatever  the  improvements 
in  motor  configuration,  it  seems  probable  that  the 
piston-in-a-cylinder  design  will  lack  the  features  re- 
quired for  an  ICU-type  ventilator. 

The  Hillman  piston-and-motor  design4'614-618' 
opened  new  opportunities  by  replacing  the  conven- 
tional, rotating-armature  motor  with  a  linear  motor. 
By  combining  a  linear  motor  with  a  rolling-seal 
piston12  (Panel  C),  the  positive-displacement  pneu- 
matic subsystem  assumes  even  greater  flexibility 
and  responsiveness.  Recently  published,  prelim- 
inary information  speaks  well  of  this  design  con- 
cept.13-'5 

Most  present-day  ICU-type  ventilators  are  based 
on  flow-control  valves,  illustrated  in  Panels  A,  B, 
and  C  of  Figure  2.  These  valves  proportionally 
open  and  close,  driven  by  a  variety  of  motor-based 
mechanisms.  For  example,  the  valves  in  the  Pu- 
ritan-Bennett 7200,  the  Hamilton  Veolar  and  Ama- 
deus,  the  Drager  EVITA  and  IRISA,  and  the  Siemens 
SV300  incorporate  a  flow-metering  orifice  that  is 
directly  actuated  by  an  armature  moving  linearly  in 
a  magnetic  field  (Panel  A).  The  flow-metering  or- 
ifice in  the  Infrasonics  Adult  Star  is  directly  cou- 
pled to  a  stepper  motor.  In  the  Siemens  900  series, 
flow  metering  is  accomplished  by  a  stepper-motor- 
driven  scissor  valve  that  pinches  a  silicon  tube.  In 
the  Bear  5  and  1000  and  the  Bird  6400  and  8400, 
flow  control  is  accomplished  by  valves  that  are  ac- 
tuated by  a  stepper-motor-driven  cam  (Panel  B). 

A  third  configuration,  illustrated  by  Panel  C  in 
Figure  2,  utilizes  digital  valves.  In  this  design,  each 
valve  is  either  open  or  closed.  When  open,  a  given 
valve  produces  only  one  'calibrated'  flow.  Thus,  if 
a  three-valve  design  were  selected,  a  total  of  eight 
unique  flow  values  could  be  produced,  including 
zero.  For  example,  if  a  specification  called  for  7  L/ 
min  maximum,  with  a  resolution  of  1  L/min,  one 
valve  would  be  calibrated  to  deliver  1  L/min,  the 
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Fig.  2.  Three  types  of  pneumatic  valves  used  to  control 
flow.  Panel  A:  one  type  of  proportional  solenoid  valve.  In 
this  design,  a  controllable  electrical  current  flows  through 
the  coil,  resulting  in  a  magnetic  field.  The  strength  of  the 
magnetic  field  causes  the  armature  to  assume  a  spec- 
ified position.  With  the  armature  and  valve  poppet  phys- 
ically connected,  this  assembly  is  the  only  moving  part. 
Coil  and  armature  designs  vary,  as  do  the  strategies 
used  to  fix  the  position  of  the  poppet.  Panel  B:  an  ex- 
ternally actuated  proportional  valve.  Several  different  mo- 
tor and  cam  schemes  have  been  designed  with  which  to 
control  the  position  of  the  poppet.  The  stepper  motor  and 
scissor  design,  implemented  in  the  Siemens  900  series 
ventilators,  represents  an  early,  highly  successful  strat- 
egy. Panel  C:  the  digital-valve,  on-or-off  concept.  With 
each  valve  controlling  a  critical  orifice  and  hence  spec- 
ified flow,  the  number  of  discrete  flow  steps  (including 
zero)  becomes  2"  (where  n  =  number  of  valves).  A  9- 
valve  design,  with  0.5-L/min  flow  increments  between 
valves,  yields  a  flow  range  of  0  to  255  L/min  and  a  res- 
olution of  0.5  L/min. 

second  valve  2  L/min,  and  the  third  4  L/min  (yield- 
ing 0,  1,2,  3.  4,  5.  6,  7  L/min  with  the  appropriate 
sequencing  of  the  valves).  Although  this  design  ap- 
pears charmingly  simple,  two  primary  issues  must 
be  solved:  accuracy  and  component  reliability. 
Maintenance  of  the  supply  pressure  in  excess  of  the 
critical  pressure  for  the  largest  orifice  solves  the 
first  issue.  The  second  issue,  that  of  the  increase  of 
the  number  of  critical  components  directly  con- 
trolling flow  from  one  or  two  to  five  valves  in  the 
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case  of  the  Infrasonics  Infant  Star,  is  solved  if  the  n 
valves  together  exhibit  reliability  equal  to  or  great- 
er than  that  of  one  or  two  sophisticated  valves.  The 
digital-valve  design  is  attractive  because  each  valve 
can  be  considerably  less  sophisticated  than  a  'full- 
range'  proportional  valve. 

Once  the  configuration  of  the  pneumatic  sub- 
system has  been  specified,  the  next  issue  is  that  of 
the  control  strategy  and  the  means  of  control.  Giv- 
en the  complexity  of  today's  ICU-type  ventilators 
(and  home-care  ventilators,  for  that  matter),  it 
should  be  no  surprise  that  the  gas-delivery  system 
is  under  the  control  of  one  or  more  micro- 
processors. The  question  confronting  the  designer 
is  how  to  control  the  flow-metering  valve  (or 
valves)  or  the  motor-piston  assembly.  Prior  to 
1980,  virtually  all  designs  were  based  on  analog 
circuitry.  Once  high-powered  microprocessors  be- 
came cost-effective  in  the  medical  setting,  de- 
signers could  choose  either  analog  control  or  dig- 
ital control.  For  example,  the  flow-control  valves  in 
Puritan-Bennett's  7200  series  ventilators  are  run  by 
a  microprocessor  (ie,  digital  electronics),  whereas 
the  flow-control  valve  in  the  Hamilton  Veolar  and 
Amadeus  is  run  by  analog  electronics.  From  the  pa- 
tient's point  of  view,  such  issues  are  largely  ac- 
ademic. Central  to  the  patient  is  the  ability  of  a  giv- 
en ventilator  to  provide  exquisite  management  of 
his  or  her  work  of  breathing.  In  this  regard,  both 
digital  control  and  analog  control  have  the  capacity 
to  provide  the  desired  level  of  performance. 

That  last  statement  begs  further  elaboration. 
When  microprocessors  are  chosen  as  design  ele- 
ments, it  is  not  because  of  their  mysterious  qual- 
ities. Long  before  microprocessors  became  fash- 
ionable, highly  reliable  and  precise  analog  circuits 
were  performing  highly  reliable  and  precise  feats 
of  electronic  switching  and  control.  The  mystery  at- 
tributed to  the  microprocessor  stems  from  its  ex- 
traordinary versatility.  Apple  and  Microsoft's  win- 
dowed environments,  Lotus  1-2-3,  word  pro- 
cessing, computer-aided  design  (CAD),  computer- 
aided  engineering  (CAE),  computer-aided  man- 
ufacturing (CAM),  video  games,  and  the  like  are 
results  of  the  microprocessor's  ability  to  execute 
digitally  encoded  instructions.  To  perform  their 
wonderful  'magic'  microprocessors  run  under  the 
direction  of  sophisticated  software  programs  in 
conjunction  with  voluminous  memory.  If  you  wish 


to  be  awakened  in  the  morning  with  a  musical  tone, 
followed  by  a  voice  that  says,  "The  time  is  7:30 
AM,"  to  have  the  coffee  started  at  7:55.  the  TV 
turned  on  at  8:00,  and  a  taxi  phoned  for  at  8:30,  a 
microprocessor-based  design  is  the  answer.  What 
appears  like  magic  on  the  macrolevel  is  sophisticat- 
ed engineering  on  the  microlevel. 

What  the  microprocessor  means  to  a  ventilator  is 
versatility  of  control  and  function.  (See  Reference 
16  for  a  statement  about  the  essential  features  of  a 
ventilator's  gas  delivery  system.)  Microprocessor 
control  does  not  necessarily  guarantee  outstanding 
performance  from  a  ventilator's  pneumatic  sub- 
system. Once  the  pneumatic  subsystem  receives  the 
signal  to  cycle  on  and  deliver  a  breath,  gas  delivery 
is  a  function  of  both  the  electronic  control  strategy 
and  valve  performance.  Figure  3  shows  the  inspir- 
atory phases  of  pressure-supported  breaths  supplied 
by  four  third-generation  ventilators.  Puritan-Ben- 
nett's computer-controlled  breathing  lung,  nick- 
named Sybl,  was  set  up  to  request  a  spontaneous 
breath  having  an  inspiratory  time  of  approximately 
1.0  second  and  a  tidal  volume  of  approximately 
300  mL  (measured  without  an  ET  tube).  Once  Sybl 
and  a  given  ventilator  were  in  a  steady  state,  the 
ventilator's  level  of  pressure  support  was  adjusted 
to  yield  a  tidal  volume  of  0.8  L.  (This  adjustment 
was  made  to  correct  for  the  difference  in  ventilator 
algorithms  that  dictate  the  final  tidal  volume  in  the 
face  of  a  sustained  inspiratory  effort.  The  adjust- 
ments were  minor,  in  any  case,  and  did  not  cause 
any  significant  changes  in  the  trigger  work.) 

The  tracings  in  Figure  3  illustrate  significant  dif- 
ferences in  the  early  performance  of  a  ventilator's 
ability  to  deliver  gas  to  Sybl.  (The  location  of  the 
airway-pressure  sensor  can  be  ignored  [see  Refer- 
ences 17  and  18  for  information  on  the  possible  ef- 
fects of  sensing  location  on  the  work  of  breathing] 
because  humidifiers  were  deliberately  omitted  from 
the  configuration  of  the  patient  circuits.)  Two  fac- 
tors account  for  delay  between  the  demand  for  flow 
and  the  delivery  of  flow  to  Sybl:  the  physical  de- 
sign of  each  unique  pneumatic  subsystem  (me- 
tering valve,  actuating  motor,  and  pressure  at  the 
head  of  the  valve)  and  the  flow-control  algorithm. 
The  tracings  of  Figure  3  result  from  both  factors 
operating  together. 

To  uncouple  the  two  factors,  each  ventilator  was 
triggered  on  to  deliver  gas  to  the  room  (ie,  the  pa- 
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Fig.  3.  The  inspiratory  phases  of  pressure-supported  breaths  as  revealed  by  pressure-volume  loops.  Spontaneous  breaths 
were  simulated  by  Puritan-Bennett's  computer-controlled  breathing  lung  (nicknamed  Sybl).  Breathing  free  of  a  ventilator 
and  an  endotracheal  tube,  Sybl  was  programmed  to  generate  a  VT  of  approximately  300  mL.  Sybl  received  no  further  ad- 
justment during  the  study.  Sybl's  inspiratory  effort  generated  a  high  demand  for  flow  early  in  the  breath  (non-square  but 
steep  rise)  then  tapered  down  to  near  zero  at  end-inspiration  (a  ^  -~ -like  shape).  Each  ventilator  supported  Sybl's  breath- 
ing via  #7  and  #9  ET  tubes.  Pressure  was  measured  at  the  simulated  carina  position,  and  pressure  sensitivity  was  set  to  1 
cm  H20  if  adjustable.  Once  breathing  began,  pressure-support  ventilation  was  initiated  and  titrated  to  the  level  that  boosted 
Sybl's  tidal  volume  to  800  mL.  With  the  #7  ET  tube,  the  pressures  ranged  from  26  to  29  cm  H20,  and  with  the  #9  ET  tube, 
24  to  28  cm  H20.  This  approach  to  PSV  was  thought  to  account  for  minor  differences  in  the  design  of  each  ventilator's 
breath-delivery  algorithm.  The  shapes  of  the  P-V  traces  early  in  the  breaths  suggest  that  the  protocol  for  the  data  shown  in 
Figure  4  may  have  achieved  open-loop  control,  at  least  in  the  early  milliseconds  after  the  valves  opened.  Note  that  the  trig- 
ger work  observed  in  this  figure  parallels  the  order  of  early  flow  in  Figure  4.  For  early  flow,  V1  >  V4  >  V2  »  V3,  and  for  ear- 
ly trigger  work  (#7  ET  Tube),  V1  <  V2  <  V4  «  V3,  (#9  ET  tube)  V1  -  V2  <  V4  «  V3. 


tient  Y  was  open  to  the  room).  The  tracings  re- 
sulting from  this  protocol  appear  in  Figure  4.  Each 
tracing  was  aligned  with  the  t„  reference  line.  The 
earliest  detectable  flow  appeared  at  approximately 
to  +  40  ms;  and  by  to  +  45  ms  flows  for  the  most  re- 
sponsive ventilators  reached  20  L/min.  Referring  to 
the  80-L/min  flow  level,  one  sees  that  the  order  of 
flow  responsiveness  is  VI  >  V4  >  V2  »  V3.  The 
corresponding  intervals  (t0  =  reference)  measure 
55,  65,  86,  and  171  ms,  respectively.  Figures  3  and 
4  taken  together  suggest  that  the  trigger  and  early 
work  seen  in  the  pressure-supported  breaths  bear 


some  relationship  to  the  constraints  placed  on  the 
early-flow  capability  by  each  ventilator's  pneumat- 
ic subsystem.  VI  exhibits  a  noticeable  edge  over 
V2  and  V4  with  the  #7  ET  tube.  With  the  #9  ET 
tube,  Vl's  edge  is  still  noticeable,  but  less  so.  V2 
now  demonstrates  a  substantial  advantage  over  V4. 
With  either  ET  tube,  V3  operates  at  a  fundamental 
disadvantage  that  cannot  be  masked  by  algorithmic 
design.  (Note:  these  data  do  not  imply  that  VI  will 
demonstrate  an  edge  in  triggering  work  under  all 
conditions.  This  specific  protocol  was  selected  be- 
cause it  stressed  each  ventilator's  ability  to  open  its 
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Time  (ms) 

Fig.  4.  Quasi-open-loop  flow  from  the  pneumatic  systems 
of  four  third-generation  ventilators.  Flow  was  measured 
by  a  Fleisch  #3  pneumotachograph  fitted  to  the  "machine 
outlet"  of  each  ventilator.  The  patient  circuit  consisted  of 
30-inch  (76-cm)  inspiratory  and  expiratory  tubes.  Airway 
pressure  was  recorded  from  a  port  located  immediately 
distal  to  the  pneumotachometer.  When  possible,  the  ven- 
tilators' airway  sensing  tubes  were  connected  to  one  of 
several  positions  (proximal  to  the  pneumotachometer, 
distal  to  the  pneumotachometer,  at  the  patient  Y,  and  at 
the  distal  end  of  the  exhalation  tube)  while  the  flow-time 
traces  were  recorded.  In  some  cases  the  later  stages  of 
flow  were  impacted  by  the  location  of  the  sensing  port, 
but  the  rapid  rise  of  flow  to  120  L/min  exhibited  no 
change.  To  maximize  the  error  signal  responsible  for 
opening  the  flow-control  valve(s),  pressure  support  was 
set  to  70  cm  H20.  To  initiate  a  spontaneous  breath, 
PEEP  was  set  to  a  nominal  5  cm  H20.  Two  methods 
were  used  to  trigger  the  ventilator  on:  the  removal  of  my 
thumb  from  the  common  port  of  the  patient  Y,  and  the 
opening  of  a  piloted  valve  attached  to  the  Y.  Both  meth- 
ods yielded  identical  tracings.  Each  ventilator  was  trig- 
gered on  at  least  5  times.  Minor  variations  in  the  later 
stages  of  flow  were  observed,  but  the  early  traces  al- 
ways exhibited  the  relationships  shown  in  the  figure.  If 
any  of  the  ventilators  had  a  provision  for  the  control  of 
the  pressure-rise  time,  it  was  set  to  the  maximum.  Al- 
though true  open-loop  flow  could  not  be  verified,  the  con- 
stancy of  early  flow  suggested  that  early  flow  achieved 
its  maximal  values. 

flow-control  valves  in  response  to  a  high  demand 
for  flow.  At  lower  levels  of  pressure  support,  and 
particularly  with  smaller-diameter  ET  tubes,  the 
performance  of  VI,  V2,  and  V4  could  alter  sub- 
stantially. The  apparent  deficit  in  V3's  early  per- 
formance could  prove  difficult  to  correct  because 


its  slow-to-open  response  may  be  inherent  in  the 
design  of  its  flow-control  valving,  a  factor  that  al- 
gorithmic design  cannot  overcome.)  If  the  flows  re- 
quired to  sustain  the  pressure-supported  breath  are 
limited  only  by  rates  of  change  of  flow  and  not  by 
early-flow  limitations,  the  post-trigger  phase  of  the 
inspiratory  P-V  traces  do  primarily  reflect  each 
ventilator's  algorithmic-control  strategies.  Figure  3 
demonstrates,  for  example,  that  V4  manages  to  sus- 
tain a  more  aggressive  flow  delivery  once  the  trig- 
gering event  has  been  initiated.  During  the  latter 
half  of  the  protocol  breath,  VI,  V2,  and  V3  exhibit- 
ed roughly  equivalent  performance. 

Once  gas  delivery  begins,  the  control  of  pressure 
or  the  flow  into  the  patient  Y  is  largely  a  function 
of  the  feedback  loop  from  the  patient  circuit  to  the 
gas-delivery  valve(s).  (Although  airway  pressure, 
Paw,  is  the  parameter  most  commonly  fed  back  to 
control  flow — and  hence  the  monitored  pressure — 
an  algorithm  has  been  developed  recently  in  which 
flow  is  fed  back  to  control  flow.|g) 

From  the  engineering  standpoint,  breath  delivery 
requires  conscious  trade-offs.  If  flow  is  too  ag- 
gressively delivered,  both  flow  and  pressure  will 
oscillate.  Minor  oscillation  causes  few  problems, 
because  the  artificial  airway  represents  a  significant 
impedance  that  consequently  degrades  the  oscilla- 
tions to  a  level  that  may  be  insignificant  at  the  ca- 
rina. Severe  oscillation,  however,  leads  to  percep- 
tible sensation  in  the  airway.  A  design  that 
achieves  optimal  flow  and  pressure  with  a  given  ar- 
tificial airway,  patient  compliance,  and  airways  re- 
sistance will  underdeliver  flow  if  the  total  im- 
pedance (the  result  of  combining  these  two 
resistances  with  the  lung-thorax  compliance)  de- 
creases, and  it  will  overdeliver  flow  if  the  com- 
bined impedance  increases.  No  currently  available 
ventilator  optimally  matches  delivered  flow  with 
the  patient's  demand  for  flow  over  the  entire  range 
of  input  impedances,  although  the  Drager  IRISA, 
Siemens  SV300,  and  the  soon-to-be-released  Bear 
1000  do  offer  a  pressure-rise  time  adjustment.20  :i 

As  research  deepens  on  the  topic  of  the  work  of 
breathing,  the  ability  to  match  patient  and  ven- 
tilator for  optimal  management  appears  to  be  gain- 
ing support,  at  least  in  some  research-oriented  cir- 
cles (see  Reference  22  for  the  abstract  reporting 
one  study  about  the  use  of  adjustable  pressure-rise 
time,  and  Reference  23  for  the  abstract  reporting  on 
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slight  adjustments  in  pressure  support  that  yield 
similar  results).  Whether  adjustable  pressure-rise 
time  becomes  a  clinician-set  variable  will  depend 
on  practitioner  demand  and  reports  showing  ef- 
ficacy. Were  this  feature  to  become  'essential.'  two 
obvious  strategies  would  be  available  to  the  de- 
signer. One  could  be  called  the  'stick-shift*  ap- 
proach and  the  other  the  "automatic-shift"  ap- 
proach. With  the  stick-shift  approach,  the  clinician 
would  observe  pressure  and  flow  waveforms  on  a 
video  screen.  If  pressure  rose  too  slowly,  the  cli- 
nician could  choose  a  faster  pressure-rise  time.  In 
this  scenario,  the  appropriate  selection  of  rise  time 
would  be  achieved  through  trial  and  error.  With 
practice,  the  adjustment  process  would  become 
quite  routine.  (The  reader  should  be  aware  that  the 
maximal  rise  of  pressure  is  not  necessarily  a  de- 
sirable goal  [also  see  References  20  and  21].  My 
personal  experience  with  high  levels  of  pressure 
support  suggests  that  a  too-rapid  rise  in  pressure 
produces  a  sensation  of  impending  overinflation.) 
With  the  automatic-shift  approach,  the  practitioner 
would  select,  for  example,  a  gentle,  or  moderate,  or 
moderately  aggressive,  or  aggressive  rise  time;  and 
the  ventilator  would  analyze  its  performance,  iter- 
ating the  internal  setting  for  rise  time  to  the  ap- 
propriate value  as  dictated  by  the  practitioner's  se- 
lection. By  the  use  of  a  running  average  of  some 
number  of  successive,  previous  breaths,  pressure- 
rise  time  could  be  maintained  well  within  accept- 
able limits. 

The  interested  reader  may  ask  how  a  micro- 
processor fits  into  a  design  for  pressure-rise  time. 
Although  an  exact  answer  lies  beyond  the  scope  of 
this  article,  an  operational  understanding  is  ap- 
propriate. For  the  stick-shift  approach,  the  settings 
and  the  exact  behavior  of  airway  pressure  versus 
time  would  be  studied  and  quantified  over  a 
range — from  impedances  appropriate  for  small- 
diameter  artificial  airways,  high  airways  resistance, 
and  low  lung-thorax  compliance  to  impedances  ap- 
propriate for  large-diameter  artificial  airways,  low 
airways  resistance,  and  high  lung-thorax  com- 
pliance. A  range  of  flow-gain  settings  would  be  se- 
lected that  allowed  the  complex  control  algorithms 
to  span  the  desired  spectrum  of  performance.  Per- 
haps nine  such  discrete  algorithms  would  be  de- 
fined. Each  one  would  be  assigned  a  number,  say 
from  1  to  9.  to  be  chosen  from  a  menu  or  other 


'protected'  selector  device.  A  selection  would  be 
read  by  the  microprocessor,  and  software  would  set 
the  appropriate  gain  setting  into  the  ventilator's 
currently  active  parameters.  To  provide  additional 
safety,  a  power-on,  new-patient  message  would  be 
displayed  to  the  practitioner  when  the  power  switch 
was  set  to  ON.  An  internal,  software-based  (read:  mi- 
croprocessor-executed), logic-choice  matrix  would 
ensure  that  a  safe  value  for  flow  gain  was  always 
set  lor  a  new  patient.  Only  after  ventilation  began 
would  software  allow  changes  to  the  rise-time  al- 
gorithm. Yet  this  same  logic-choice  matrix  would 
permit  a  non-default  selection  when  a  change  was 
properly  addressed.  In  practice,  the  clinician  would 
observe  the  current  pressure  and  flow  waveforms. 
assess  whether  the  patient  might  benefit  from  an 
adjustment  of  rise  time,  and  make  the  appropriate 
choice.  Over  the  course  of  ventilator  dependency, 
several  changes  of  rise  time  might  be  effected. 

The  other  approach  to  the  problem  of  adjustable 
pressure-rise  time  is  what  I  have  called  the  auto- 
matic-shift method.  This  time  the  engineers  ob- 
jectively quantify  the  meaning  of  the  four  de- 
scriptors for  flow  gain:  gentle,  moderate,  moder- 
ately aggressive,  and  aggressive.  The  practitioner 
selects  the  descriptor  that  most  closely  matches  the 
patient's  breathing  style,  and  software  analyzes  the 
time-dependent  behavior  of  pressure,  iterating  the 
rise-time  values  until  the  rise  of  pressure  matches 
the  desired  behavior.  Whether  ventilators  will/ 
should  receive  stick-shift  or  automatic-shift  ca- 
pabilities cannot  be  answered  at  this  time.  The  cur- 
rent literature,2"'22  corroborated  in  private  conversa- 
tions, suggests  that  opinion  leaders  are  seriously 
interested  in  controlling  the  rise  time  of  pressure. 

Feedback  Control 

In  practice,  the  equations  and  approaches  that 
engineers  apply  to  effect  feedback  control  can  be- 
come quite  complex.  In  simple,  straightforward 
language,  feedback  control  requires  that  a  system 
be  given  the  capability  to  measure  its  own  per- 
formance and  the  means  to  modify  its  behavior  to 
ensure  that  observed  performance  equals  desired 
performance.  For  many,  many  years,  feedback  con- 
trol has  been  highly  effective  in  accomplishing  so- 
phisticated control  through  analog  design.  In  recent 
years,  and  especially  since  the  availability  of  cost- 
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effective  digital  circuitry,  feedback  control  has  in- 
cluded a  microprocessor  in  the  loop. 

With  respect  to  the  control  of  a  ventilator's 
pneumatic  subsystem,  three  control  strategies  can 
be  found.  The  Siemens  Servo  900C  relies  entirely 
on  an  analog  design,  whereas  the  Puritan-Bennett 
7200  relies  entirely  on  a  digitally  based  micro- 
processor design.  In  the  middle  is  the  hybrid  de- 
sign, exemplified  by  the  Hamilton  Veolar.  Here  the 
flow-delivery  valve(s)  is(are)  tightly  controlled  by 
an  analog  design,  whereas  the  global  control  of  the 
pneumatic  system  is  under  the  command  of  a  mi- 
croprocessor. As  yet,  no  methodology  has  emerged 
as  the  best. 

From  the  standpoint  of  flexibility  of  control,  the 
microprocessor-based  designs  appear  to  offer  some 
advantages.  To  appreciate  this  statement,  one  must 
be  aware  of  the  role  that  manufacturing  plays  in  the 
products  one  purchases.  Manufacturing  is  the  pro- 
cess whereby  a  given  design  becomes  commonly 
available.  Once  a  product  reaches  the  man- 
ufacturing stage  it  is  considered  to  be  'frozen,'  in 
the  sense  that  further  changes  are  unwelcome.  If  a 
manufacturer  believes  that  a  system  will  require 
ongoing  changes,  a  microprocessor-based  design 
offers  a  margin  of  flexibility.  Although  software 
design  is  just  as  structured  and  demanding  as  hard- 
ware design,  software  can  be  'thrown  away'  with- 
out significantly  impacting  the  manufacturing  pro- 
cess. One  could  state,  therefore,  that  micro- 
processor-based designs  provide  a  high  degree  of 
'upgradability,'  whereas  analog-based  designs  pro- 
vide a  lower  degree  of  upgradability. 

Enhanced  Control  through  Learning 

Microprocessor-based  designs  have  a  capacity 
for  learning.  Many  examples  could  be  given,  but 
one  should  suffice.  Suppose  you  want  your  ven- 
tilator to  deliver  exactly  1  liter  of  breathing  gas  to 
the  patient's  carina  (see  Reference  24,  in  which  this 
example  first  appeared).  You  therefore  select  a  ti- 
dal volume  of  1  L.  Because  your  ventilator  is  a  vol- 
ume-based device  (in  contrast,  say,  to  a  minute- 
ventilation-based  device),  you  complete  your  spec- 
ification by  selecting  a  flow  waveform  (for  ex- 
ample, square)  and  a  value  for  the  peak  inspiratory 
flow  (perhaps  60  L/min).  Graphically,  this  example 
is  illustrated  in  Figure  5.  A  bit  of  physics  reveals 


that  1  L  will  not  reach  the  carina,  because  in  series 
with  the  carina  are  the  volume  (ie,  compliance)  and 
resistance  of  the  patient  circuit  and  artificial  air- 
way. At  end-inspiration,  part  of  the  delivered  vol- 
ume remains  in  the  patient  circuit  and  part  reaches 
the  carina.  If  the  volume  delivered  by  the  pneumat- 
ic subsystem  is  1  L,  the  airway  pressure  at  end- 
inspiration,  tend.inspiralory,  equals  Ppeak,  and  the  com- 
pliance of  the  patient  circuit  (Cc)  is  known,  the  vol- 
ume reaching  the  carina  is  given  by  Vcanna  =  1000  - 
(Ppeak  x  Cc),  expressed  in  mL.  If  we  choose  realistic 
values,  say,  50  cm  H20  for  Ppeak  and  4  mL/cm  H-,0 
for  Cc, 

V^a  =  1000  mL  -  (50  cm  H:0  x  4  mL/cm  H2Ol  =  800  mL. 

Because  our  smart  ventilator  computed  that  200 
mL  remained  in  the  patient  circuit,  the  second 
breath  might  be  set  (automatically)  to  1200  mL, 
yielding  a  Ppeak  of  60  cm  H20  at  end-inspiration. 
Then  for  the  2nd  and  successive  breaths, 

Vcanna,  2nd  breath  =  1 200  -  (60  x  4)  =  960  mL, 
Vcarina,  3rd  breath  =  1240  -  (65  x  4)  =  980  mL. 
Vcari„a,  4th  breath  =  1260  -  (67  x  4)  =  992  mL, 
Vcari„a,  5th  breath  =  1268  -  (68  x  4)  =  996  mL. 
VCanna,  6th  breath  =  1272  -  (68  x  4)  =  1000  mL. 

Simple  modeling  shows  that  this  uncomplicated 
algorithm  converges  to  yield  a  Vcanna  equal  to  Vj 
(set)  in  approximately  three  to  five  iterations,  the 
variation  being  due  to  the  values  of  Cc,  CL  (lung- 
thorax  compliance),  and  resistances  of  the  patient 
and  artificial  airway. 

Admittedly  this  algorithm  is  relatively  sim- 
plistic, but,  in  a  real  ventilator,  numerous  seem- 
ingly insignificant  sources  of  error  tend  to  ac- 
cumulate and  degrade  the  accuracy  of  breath 
delivery.  If  we  endow  the  ventilator  with  a  micro- 
processor, along  with  the  capacity  to  monitor  sys- 
tem performance  and  make  the  appropriate  correc- 
tion^) (the  principle  of  feedback  control),  the 
accuracy  of  a  subsystem  can  approach  the  theo- 
retical value  dictated  by  the  combined  accuracies 
of  the  sensors  used  to  monitor  the  outputted  var- 
iable^). 

Corrections  Related  to  the  Environment 

Microprocessors  operating  in  conjunction  with 
sensors  permit  a  system  to  self-correct  for  environ- 
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Fig.  5.  A  depiction  of  an  algorithm  that  automatically  corrects  for  the  compliance  of  the  complete  patient  subsystem,  from 
the  output  of  the  pneumatic  subsystem,  through  the  patient  circuit,  and  into  the  expiratory  compartment.  With  each  breath 
delivery,  the  algorithm  addresses  the  simple  equation, 

Vp-Vc  _„ 

Vs 

where  VD  =  total  volume  delivered  on  the  just-completed  breath,  Vc  =  volume  in  the  patient  system  at  end-inspiration,  and 
Vs  =  set  tidal  volume.  If  the  answer  is  <  1.0,  the  algorithm  commands  the  pneumatic  subsystem  to  increment  the  delivered 
volume  on  the  next  mandatory  breath.  If  the  answer  is  >  1.0,  the  next  mandatory  breath  is  decreased.  An  answer  of  1.0 
means  no  change.  For  the  algorithm  to  operate  effectively,  knowledge  of  the  current  value  of  Cc  (compliance  of  the  patient 
system)  is  essential.  Panel  A  shows  the  algorithm's  response  for 


VD-VC 
Vs 


<<  1.0. 


Note  that  for  VL  to  remain  constant  in  the  face  of  changes  in  CL,  Pend-mspiration  will  vary  (see  Panel  B). 
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mental  factors.  Life  can  be  thought  of  as  existing  at 
the  cellular  level.  Among  other  essential  factors, 
animal  life  depends  on  the  body's  ability  to  main- 
tain an  adequate  Po:  in  and  around  its  tissue  beds. 
To  quantify  this  statement,  physiologists  measure 
the  body's  oxygen  consumption,  in  mL/min,  under 
varying  states.  But  the  problem  is  that  volume  is  a 
highly  elusive  quantity.  Volume  depends  on  tem- 
perature, pressure,  and  the  quantities  of  other  gases 
present — such  as  water  vapor.  If  Physiologist  A  is 
going  to  be  able  to  communicate  quantitatively 
with  Physiologist  B,  they  must  develop  a  common 
language.  This  problem  was  solved  when  in- 
vestigators began  to  express  oxygen  consumption 
normalized  for  gas  at  standard  temperature  (0°C), 
pressure  (1  atmosphere),  and  dry  (water  vapor  re- 
moved)— or  STPD.  Although  this  choice  was  log- 
ical, given  the  understanding  intended,  ordinary  hu- 
mans in  their  ordinary  endeavors  inhale  ambient  air 
from  which  the  oxygen  is  extracted  and  consumed. 
Thus,  our  tidal  volumes  are  best  conceptualized  in 
terms  of  body  temperature,  ambient  pressure,  and 
saturated  (BTPS).  for  when  our  lungs  are  inflated, 
the  alveolar  gas  is  at  body  temperature,  saturated 
with  water  vapor,  and  referenced  to  the  ambient 
pressure  (see  also  Reference  24). 

To  achieve  this  BTPS  normalization,  the  system 
design  of  a  ventilator  need  only  be  fitted  with  an 
absolute  pressure  transducer.  Then,  at  any  altitude 
and  under  any  barometric  condition,  the  micro- 
processor simply  reads  this  transducer  and  applies 
the  current  value  to  its  volume  calculations. 

Special  Flow  and  Pressure  Patterns 

Functional  change  is  the  area  wherein  the  virtues 
of  microprocessor  design  manifest  themselves. 
With  analog  design,  all  circuits  must  be  precisely 
specified  for  each  and  every  component.  Once 
specified,  verified,  and  thoroughly  tested,  the  in- 
dividual components  are  physically  soldered  to  spe- 
cially designed  circuit  boards.  The  addition  of  new 
function  requires  newly  designed  circuits  and  cir- 
cuit boards — new  hardware.  This  process  is  both 
disruptive  and  costly.  Manufacturers  generally  re- 
sist this  type  of  change  and,  instead,  prefer  to  intro- 
duce a  new  model  of  the  product. 

With  microprocessor-based  designs,  change,  for 
the  most  part,  requires  new  software  but  not  new 
hardware.  The  issue  is  not  development  time;  soft- 


ware design  demands  the  same  engineering  skills 
as  does  analog  design.  Analog  design  differs  from 
digital  design  in  one  concrete  respect.  An  analog 
circuit  board  contains  the  components  that  express 
the  function  to  be  performed — say,  a  square-flow 
waveform.  With  digital  design,  the  function  resides 
in  software. 

Given  that  the  pneumatic  hardware  meets  all 
specifications  required  by  a  new  breathing  routine, 
the  manufacturer  simply  issues  new  software  con- 
taining the  new  algorithm.  The  path  to  the  highly 
successful  Siemens  900C  originated  with  the  900. 
moved  to  the  900B.  and  then  to  the  900C.  Each  of 
these  analog-based  ventilators  exists  as  a  separate 
model  despite  many  similarities.  Knowing  that  the 
900  was  introduced  in  1972  clarifies  why  the  de- 
sign centered  on  an  analog  design:  microprocessor- 
based  electronics,  in  general,  were  not  cost- 
effective  (for  medical  equipment)  until  the  end  of 
the  1970s.  The  Puritan-Bennett  7200  series  micro- 
processor ventilator  began  its  life  centered  on  the 
Intel  8088  microprocessor.  Each  new  function — 
pressure-support  ventilation,  digital  communica- 
tions, respiratory  mechanics,  flow-triggering,  and 
pressure-control  ventilation — was  issued  as  a  new 
software  release.  Even  the  SPo;  and  display  screen 
options,  including  waveforms,  are  centered  on  soft- 
ware, with  some  not-insignificant,  essential  hard- 
ware. 

A  fanciful  example  at  this  juncture  might  prove 
illuminating.  Suppose  you  obtain  a  new  ventilator 
whose  pressure  waveform,  in  pressure-control  ven- 
tilation (PCV).  measured  at  the  patient  Y,  always 
appears  as  illustrated  in  Figure  6,  Panel  A  (this  re- 
sult, in  itself,  would  be  quite  an  accomplishment). 
By  experimentation,  you  record  the  pressure-time 
traces  at  the  carina  as  a  function  of  the  size  of  the 
ET  tube.  These  traces  appear  as  illustrated  in  Panel 
B.  Further  suppose  that  your  recent  experi- 
mentation rather  convincingly  indicates  that  a  large 
population  of  patients  demonstrates  "improved 
breathing'  when  carina  pressure  reaches  the  in- 
spiratory-pressure  level  quickly,  say  like  that  il- 
lustrated for  a  #9  ET  tube.  Subject  to  flow  limita- 
tions in  the  smaller  ET  tubes,  the  manufacturer's 
engineers  could  develop  a  controlled,  hyper- 
pressurization  algorithm  that  would  generate  a 
pressure-time  trace  at  the  carina  equivalent  in  the 
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Fig.  6.  Global  outline  of  algorithm  intended  to  maintain  a 
fixed  pressure-time  profile  at  the  carina.  Panel  A  indicat- 
es that  our  hypothetical  ventilator  includes  a  smart  pres- 
sure-control algorithm.  Regardless  of  type  of  artificial  air- 
way, P-T  trace  at  the  Y  always  appears  the  same.  At  the 
carina,  however  (B),  P-T  traces  display  significant  differ- 
ences. Time-to-stable  pres-sure  lengthens  the  smaller  in 
diameter  (and  the  longer)  the  artificial  airway  is.  If  the  al- 
gorithm 'knew'  with  which  artificial  airway  the  patient  was 
intubated,  Y  pressure  could  be  'overdriven'  (C),  yielding 
(approximately)  identical  P-T  profiles  at  the  carina  (D). 


#9-ET  trace,  irrespective  of  the  size  of  the  artificial 
airway.  To  achieve  this  'enhanced  performance,' 
the  practitioner  has  only  to  identify  the  currently  in- 
stalled ET  tube.  With  this  knowledge,  your  en- 
hanced ventilator  could  produce  the  unique  pres- 
sure-time profiles  illustrated  in  Panel  C.  Again, 
subject  to  flow  limitations,  each  pressure-time  pro- 
file, measured  at  the  carina  (Panel  D),  would  ap- 
pear the  same,  regardless  of  the  size  of  the  ET  tube. 
The  point  of  the  above  discussion  is  to  illustrate 
the  flexibility — the  term  coined  by  the  manufactur- 
ers is  'upgradability' — conferred  on  a  design  when 
it  is  placed  under  the  control  of  a  microprocessor. 
This  flexibility  may  entail  an  incremental  cost,  but 
the  added  cost  is  trivial,  given  that  a  new  design 
must  survive  in  an  era  in  which  change  is  the  norm. 

Control  of  Exhalation 

As  just  discussed,  an  inspection  of  any  new, 
third-generation,  microprocessor-controlled  ventila- 
tor reveals  a  pneumatic  subsystem  considerably 
more  sophisticated  and  efficient  than  former  de- 
signs. Until  recently,  such  a  statement  would  not 
have  applied  to  a  ventilator's  expiratory  subsystem. 
The  goal  of  this  section  is  to  trace  the  development 
of  expiratory  control,  illustrating  the  current  state 
of  this  control,  developing  an  understanding  of  the 
factors  underlying  the  expiratory  'problem,'  and  fi- 
nally, postulating  how  microprocessor-based  con- 
trol can  lead  to  more  efficacious  solutions. 

A  casual  but  attentive  review  of  the  early  history 
of  ventilation  (as  presented  in  Reference  25)  re- 
veals a  variety  of  pre- 1950  schemes  that  were  ap- 
plied to  the  control  of  exhalation.  These  schemes 
ranged  from  linkage-  or  cam-driven  sleeves  and 
hard-poppet  valves  to  solenoid-actuated  valves.  Be- 
ginning with  the  1950s,  numerous  'soft-seat' 
valves  of  the  diaphragm  type  appeared,  as  did 
valves  based  on  the  ping-pong-ball  principle.  To- 
ward the  middle  of  that  decade,  one  saw  diaphragm 
and  flat  mushroom  valves  actuated  by  pilot  tubes. 
And  finally,  toward  the  close  of  the  1950s  and  dur- 
ing the  early  1960s,  the  inflatable  mushroom  valve, 
piloted  by  a  small-diameter  tube  connected  directly 
to  the  output  of  the  ventilator's  pneumatic  system, 
became  widely  adopted.  The  literature  leaves  one 
ambivalent  about  the  reasons  behind  the  apparent 
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acceptance  of  the  inflatable  mushroom  valve.  Per- 
haps the  appeal  stemmed  from  its  uncomplicated 
design,  ease  of  handling,  and  ready  adaptation  to  a 
wide  variety  of  manifold  designs — or  maybe  be- 
cause it  was  the  valve  offered  on  the  Puritan- 
Bennett  MA-1. 

Popularity  aside,  other  manufacturers  introduced 
different  designs,  each  aimed  at  correcting  an  un- 
derlying expiratory  problem.  Very  late  in  the 
1960s,  Emerson  introduced  the  water-column  de- 
sign. This  concept,  while  providing  stable  PEEP/ 
CPAP,  less  tendency  to  autocycle,  and  protection 
against  cough-produced  pressures,  could  be  some- 
what cumbersome.  The  introduction  of  the  first  of 
the  Siemens  900  series  ventilators  in  1972  brought 
proportional,  active  control  of  exhalation.  The  con- 
striction of  a  silicone  throat  by  a  scissor  mechanism 
under  the  control  of  a  stepper  motor  meant  that  the 
valve  could  assume  any  position,  from  open  to 
closed,  any  time  during  the  breathing  cycle.  Al- 
though much  older  ventilator  designs  used  so- 
lenoid-operated valves,  only  two  positions  were 
possible  with  them:  open  or  closed. 

Perhaps  it  is  reasonable  to  ask  what  behavior  we 
expect  from  an  expiratory  valve.  Four  broad  re- 
quirements immediately  come  to  mind:  ( 1 )  The 
valve  must  seal  the  patient  circuit  during  in- 
spiration. (2)  It  must  cycle  open  during  exhalation. 

(3)  It  must  maintain  desired  levels  of  PEEP/CPAP. 

(4)  It  must  not  burden  the  patient's  work  of  breath- 
ing. Several  factors  act  to  confuse  this  otherwise 
simplistic  set  of  expectations.  During  spontaneous 
breathing,  the  ventilator  cannot  'know'  the  precise 
moment  when  a  patient's  respiratory  control  center 
will  cycle  from  inspiration  to  exhalation  (see  Refer- 
ences 26  and  27  for  a  discussion  of  the  off-switch 
phenomenon).  During  controlled  or  assist/con- 
trolled ventilation,  this  issue  poses  no  burden  to  the 
patient  because  end-inspiration  (expiratory  valve 
closed)  and  beginning  exhalation  (expiratory  valve 
open)  are  controlled  by  a  timer  within  the  ven- 
tilator. Similarly,  but  less  so,  during  pressure- 
supported,  spontaneous  breathing,  exhalation  is 
generally  triggered  by  the  inspiratory-flow  signal 
(ie,  when  declining  inspiratory  flow  equals  some 
fixed  percentage  of  peak  inspiratory  flow,  the  ven- 
tilator declares  exhalation).  With  a  vigorously 
breathing  patient,  or  with  pressure  support  zero  or 
near    zero,    exhalation    can    become    a    patient- 


controlled  event.  In  this  instance,  the  ventilator 
generally  looks  for  a  slight  rise  in  Paw  of  1.0  to  2.0 
cm  H20  above  the  baseline,  which  results  from  re- 
laxation of  inspiration  in  the  face  of  continuing 
flow  or  an  expiratory  effort  resulting  from  the  con- 
traction of  the  abdominal  muscles.  It  should  be  ev- 
ident from  an  appreciation  of  the  actual  environ- 
ment in  which  the  expiratory  valve  performs  that 
control  of  exhalation,  viewed  in  the  context  of  the 
patient-ventilator  domain,  poses  significant  chal- 
lenges. 

Repeated  laboratory  studies28"30  have  demon- 
strated that  none  of  the  valve  designs  found  on 
ICU-type  ventilators  prior  to  the  early  1980s  per- 
forms well  when  viewed  from  an  ideal  standpoint. 
If  ideal  means  threshold-resistor  behavior,  all  of 
these  valves  failed.  Mushroom,  water  column,  scis- 
sor— all  behaved  more  like  flow-restrictors.28"30 
The  only  design  that  approached  ideal  standards 
was  one  in  which  a  column  of  water  covered  the 
open,  inverted  end  of  an  expiratory  tube.28 

Beginning  in  the  early  middle  1980s,  man- 
ufacturers began  to  develop  other  designs.  All  are 
intended  to  behave  more  like  threshold-resistors 
and  less  like  flow-restrictors.  Some  of  the  valves 
use  a  piloted  pressure  to  control  the  position  of  a 
diaphragm,  and  some  use  an  electrodynamic  motor. 
(The  newly  introduced  Siemens  300  series  ven- 
tilator continues  to  rely  on  a  'pinch'  concept,  al- 
though the  new  design  has  a  larger,  by  approx- 
imately 50%,  silicone  throat  and  a  modified  com- 
pression mechanism.) 

With  the  current  awareness  of  hyperdynamic  in- 
flation and  the  need  to  measure  and  manage  it,31"36 
it  would  appear  that  expiratory  valves  must  not 
only  behave  like  threshold  resistors  but  be  capable 
of  active  control.  These  requirements,  along  with 
others  to  be  discussed  later,  virtually  require  that 
the  expiratory  valve  operate  under  the  control  of  a 
microprocessor. 

Before  I  deal  with  the  ramifications  of  this  con- 
clusion, it  may  prove  useful  to  outline  the  current 
understanding  of  the  expiratory  process  and  spec- 
ulate on  the  potential  for  improvement.  Just  as  it  is 
common  today  to  speak  of  the  pneumatic  sub- 
system (meaning  an  integrated  design,  operating  as 
a  managed  ensemble),  a  modern  recognition  of  the 
expiratory  process  requires  that  it  too  be  framed  as 
a  subsystem.  For  the  purposes  of  this  discussion,  an 


84 


RESPIRATORY  CARE  •  JANUARY  '93  Vol  38  No  I 


MICROPROCESSOR-BASED  MECHANICAL  VENTILATION 


expiratory  subsystem  consists  of  an  artificial  air- 
way, a  Y-fitting,  a  60- in  (152-cm)  length  of  ex- 
piratory tubing,  an  expiratory  filter  (possibly  op- 
tional, but  identified  as  a  Puritan-Bennett  SPU 
filter  for  this  discussion),  a  one-way  check  valve 
(whose  function  could  be  satisfied  by  the  design  of 
the  expiratory  valve),  a  flowsensor  (whose  location 
could  be  at  the  patient  Y  or  in  the  expiratory  com- 
partment), and  an  expiratory  valve.  Components 
not  studied  include  in-line  water  traps  (whose  flow 
resistance  is  a  strong  function  both  of  the  angle  in- 
cluded between  the  inlet  and  outlet  ports  and  of  the 
streamlining  of  the  bottom  of  the  V  where  the  wa- 
ter trap  inlet  and  outlet  ports  meet)  and  heating 
wires  used  to  eliminate  condensate  in  the  ex- 
piratory tube. 

Because  the  postulates  to  follow  from  this  dis- 
cussion rest  on  an  understanding  of  the  subsystem, 
selected  experiments  were  conducted  especially  for 
this  section.  The  requirement  here  anticipates  a  bal- 
anced awareness  of  each  of  the  individual  com- 
ponents; later,  they  will  be  studied  from  a  sub- 
systems standpoint.  The  impact  of  the  artificial 
airway  on  the  patient's  work  of  breathing  has  re- 
ceived in-depth  study.37,38  Further  specific  study 
would  add  little  to  our  current  knowledge. 

The  first  of  the  selected  experiments  designed 
for  this  section  examined  the  pressure-flow  char- 
acteristics of  60-in  (152-cm)  lengths  of  three  com- 
mon types  of  adult  patient  tubing  at  a  PEEP/CPAP 
of  zero.  Each  tube  was  connected  to  one  leg  of  a 
straight  patient  Y.  Flow  entered  the  Y  from  the 
common  port,  while  the  remaining  leg  of  the  Y  was 
corked.  This  configuration  mimicked  the  expiratory 
limb  of  a  standard  patient  circuit.  The  three  tubes 
were  corrugated  reusable  silicone,  corrugated  dis- 
posable polyethylene,  and  smooth  bore  reusable 
Hytrel  (Smooth  Bor,  so-called  because  the  inner 
surface  is  smooth  rather  than  corrugated).  The  re- 
sults of  these  flow-AP  trials  appear  in  Figure  7. 
Note  that  each  tube  was  studied  in  each  of  three 
configurations:  straight,  coiled  in  a  circle  whose 
circumference  equaled  the  length  of  the  tube,  and 
S-shaped. 

These  data  demonstrate  a  strong  influence  of 
curvature  on  AP  for  the  corrugated  silicone  and  poly- 
ethylene tubes.  For  the  corrugated  silicone  tube  at 
flows  of  100  L/min  and  above,  the  circle  and  S- 
shapes  increase  the  APs  in  the  ranges  of  34-38% 
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Fig.  7.  Flow-pressure-drop  (AP)  relationships  measured 
for  three  different  60-in  (152-cm)  lengths  of  adult  patient- 
circuit  tubing,  each  formed  into  three  'standard'  con- 
figurations— straight,  circular  (one  loop),  and  S-shaped. 
Gas  entered  the  inlet  end  of  each  tube  through  the  com- 
mon port  of  a  patient  Y.  The  other  port  of  the  Y  was 
sealed  with  a  cork.  The  outlet  of  each  tube  opened  to  the 
room. 

and  40-44%,  respectively  (taking  the  AP  value  for 
the  straight  configuration  as  a  standard).  For  the 
corrugated  polyethylene  tube  at  flows  of  150  L/min 
and  above,  the  circle  and  S-shapes  increase  the  APs 
in  the  ranges  of  61-62%  and  75-70%,  respectively 
(straight  configuration  equals  standard).  In  con- 
trast, the  smooth  bore  tube  at  flows  of  100  L/min 
and  above  exhibits  only  a  10-14%  gain  in  AP, 
which  is  largely  uninfluenced  by  the  configuration 
inducing  the  increase  in  resistance — circle  or  S- 
shape.  Irrespective  of  the  configurational  shapes 
chosen  for  the  silicone  and  polyethylene  tubes — 
circle  or  S — each  tube  type  exhibited  marked  dif- 
ferences in  AP  across  all  flows. 

Beginning  at  flows  of  50  L/min,  the  disposable 
polyethylene  tube  exhibited  a  AP  at  least  150% 
greater  than  the  value  for  the  smooth  bore  tube 
(taking  the  circular  shape  for  comparison).  By  con- 
trast, the  reusable  silicone  tube  registers  at  least  a 
275%  increase.  At  flows  of  200  L/min,  these  per- 
centages increase  to  at  least  275%  and  375%.  re- 
spectively. The  marked  impact  of  tube  material  and 
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configuration  on  flow  resistance  will  be  discussed 
later  in  connection  with  an  examination  of  the  data 
presented  in  Figure  1 1. 

The  next  component  studied  was  the  flow- 
sensor.  Four  elements  were  tested,  and  their  pres- 
sure-flow data  appear  in  Figure  8.  Each  element 
was  removed  from  its  parent  ventilator.  [Note:  for 
this  part  of  the  study,  the  four  ventilators  identified 
earlier  were  again  called  into  service.  Each  is  a 
third-generation  machine.  Their  expiratory  compart- 
ments were  examined  component-by-component 
and  then  in  various  assembled  configurations.  To 
keep  track  of  each  of  these  ventilators  and  its  com- 
ponents, the  following  assignments  were  made: 
Ventilator  1  (VI),  O-O,  Ventilator  2  (V2),  D-D, 
Ventilator  3  (V3),  A-A;  and  Ventilator  4  (V4),  V-V. 
These  assignments  apply  to  Figures  8-1 1  and  13.] 
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Fig.  8.  Flow-pressure-drop  (AP)  relationships  measured 
for  four  isolated  flow  elements  removed  from  third- 
generation  ventilators.  PEEP/CPAP  for  these  tests  was 
set  to  zero. 

The  data  shown  in  Figure  8  indicate  a  substantial 
difference  in  the  AP-flow  profdes  for  each  flow- 
sensor.  At  the  lowest  flow,  25  L/min,  the  APs' 
range  was  approximately  0.1-0.8  cm  H20.  This 
eight-fold  factor  manifests  itself  again  at  200  L/ 
min.  Here  the  lowest  AP  measures  approximately 
2.0  cm  FLO  and  the  highest,  approximately  17.1 
cm  FLO.  At  flows  between  0  and  50  L/min,  the  or- 
der of  AP  is  V2  >  V3  >  V 1  >  V4.  At  flows  between 


100  and  200  L/min,  the  order  is  V2  >  V3  >  VI  > 
V4. 

Pressure-flow  data  for  three  of  the  four  ex- 
piratory valves  appear  in  Figure  9  (the  valve  from 
V4  could  not  reliably  be  separated  from  its  parent 
subsystem).  Again,  the  data  show  substantial  differ- 
ences among  the  three  designs.  At  25  L/min,  the 
APs'  range  was  approximately  0.2-0.7  cm  FLO  and 
at  200  L/min,  approximately  3.3-8.3  cm  FLO. 
(Note  that  the  AP  values  for  V2  and  V3  over- 
estimate the  true  values  because  the  check  valves 
for  these  two  units  were  not  separable  from  their 
expiratory  valves.)  As  seen  in  this  figure,  the  order 
of  the  APs  at  each  flow  was  not  uniform,  as  it  was 
for  the  Vs.  At  25  L/min,  the  order  is  V2  ~  V3  >  VI. 
At  50  L/min.  the  order  becomes  V3  >  V2  ~  VI. 
But  above  100  L/min,  the  order  shifts  to  V3  >  VI  > 
V2  .  Although  the  exact  reasons  for  the  shift  in  the 
AP-flow  profiles  are  not  pertinent  to  the  goal  of  this 
paper,  it  should  be  noted  that  the  AP-flow  profiles 
strongly  depend  on  the  physical  design  of  the 
valve.  Factors  such  as  the  orientation  of  the  di- 


10 


9,6 

x 

E 


ov, 

□  v2 

AV3 

25     50  100  150 

Flow  (L/min) 


200 


Fig.  9.  Flow-pressure-drop  (AP)  relationships  measured 
for  three  isolated  expiratory  valves  removed  from  third- 
generation  ventilators.  For  technical  reasons,  the  valve 
from  Ventilator  4  was  not  studied.  Note  that  the  valves 
from  Ventilators  2  and  3  had  integral,  one-way  valves; 
hence,  their  AP  values  slightly  overestimate  the  true  val- 
ues for  the  valves.  PEEP/CPAP  for  these  tests  was  set 
to  zero. 
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aphragm  and  whether  it  is  weighted  or  guided  in- 
troduce nonlinearities  into  the  AP-flow  relation- 
ship. 

At  this  point,  the  pressure-flow  relationships  for 
the  assembled  expiratory  compartments  were  stud- 
ied. The  AP-flow  profiles  appear  in  Figure  10.  At 
25  L/min,  the  APs'  range  is  approximately  1.0-2.0 
cm  H20  and  at  200  L/min,  approximately  18.3-28.3 
cm  H20.  The  order  of  the  APs  at  25  L/min  is  V4  > 
V2  ~  V3  >  VI .  At  50  L/min,  the  order  becomes  V3 

>  V2  -  VI  >  V4.  And  at  100  L/min,  VI  -  V3  >  V2 

>  V4.  Finally,  at  150  L/min  and  above,  VI  >  V3  > 
V2  >  V4.  (Note:  for  technical  reasons,  the  data  for 
V2  slightly  overestimate  [5%  at  most]  the  true  val- 
ues.) The  AP-flow  profiles  for  the  complete  ex- 
piratory compartments  (flowsensor,  check  valve, 
and  expiratory  valve,  plus  all  interconnecting  fit- 
tings) thus  generally  exhibit  the  summation  of  the 
profiles  of  the  individual  components. 
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Fig.  10.  Flow-pressure-drop  (AP)  relationships  measured 
for  the  four  intact  expiratory  compartments  of  the  four 
third-generation  ventilators.  Each  compartment  was  stud- 
ied in  the  'as-shipped'  configuration.  For  technical  rea- 
sons, the  APs  for  Compartment  2  are  best  estimates 
rather  than  true  values.  PEEP/CPAP  for  these  tests  was 
set  to  zero. 

Finally,  all  of  the  components  common  to  the 
standard  expiratory  subsystem  were  interconnected 
and  their  pressure-flow  profiles  were  measured. 
Each  circuit  consisted  of  the  corked  Y,  the  60-in 


(152-cm)  straight  length  of  smooth  bore  tubing,  an 
elbow  fitting  to  connect  the  expiratory  tube  to  the 
expiratory  compartment  (if  normally  part  of  a  sys- 
tem), a  SPU  filter  (same  one  each  time,  even  when 
it  was  not  part  of  a  system),  a  flowsensor,  a  check 
valve,  and  an  expiratory  valve,  plus  all  normal  in- 
terconnecting fittings.  Figure  1 1  displays  the  pres- 
sure-flow profiles.  At  25  L/min,  the  APs'  range  is 
approximately  1.3-2.0  cm  FLO,  a  spread  of  less 
than  1  cm  FLO.  At  200  L/min,  the  APs'  range  is  ap- 
proximately 24.9-29.4  cm  FLO,  a  spread  of  not 
more  than  6  cm  H20.  Note  that  at  flows  of  25  and 
50  L/min,  VI  exhibits  the  lowest  AP,  and  at  100  L/ 
min,  V4  is  lowest.  But  at  150  and  200  L/min.  the 
measured  APs  for  V2  were  the  lowest. 

Up  to  this  point,  two  factors  stand  out:  first,  the 
performance  of  a  given  expiratory  valve  only  frac- 
tionally determines  total  (expiratory)  system  per- 
formance; and  second,  the  separation  between  the 
lowest  and  highest  APs  at  any  flow  (Fig.  1 1 )  above 
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Fig.  11.  Flow-pressure-drop  (AP)  relationships  measured 
for  each  of  the  four  expiratory  compartments  connected 
to  the  straight  length  of  Smooth  Bor  patient-circuit  tubing 
(with  corked  Y)  identified  in  Figure  7.  For  these  tests,  all 
compartments  were  fitted  with  the  same  Puritan-Bennett 
SPU  expiratory  filter.  With  the  addition  of  an  appropriate 
artificial  airway  attached  to  the  patient  Y,  the  com- 
ponents studied  during  this  part  of  the  test  comprise  the 
minimum  expiratory  subsystem  as  defined  in  the  text. 
PEEP/CPAP  for  these  tests  was  set  to  zero. 


RESPIRATORY  CARE  •  JANUARY  '93  Vol  38  No  1 


87 


MICROPROCESSOR-BASED  MECHANICAL  VENTILATION 


50  L/min  would  be  more  than  offset  by  using  dis- 
posable, corrugated  polyethylene  tubing  or  re- 
usable, corrugated  silicone  tubing.  Stated  another 
way,  any  advantage  that  might  be  gained  by  the  ex- 
piratory subsystem  with  the  lowest  flow  resistance 
would  be  overwhelmingly  offset  by  polyethylene 
or  silicone  tubes  (compared  to  smooth  bore),  severe 
bends,  heated  wires,  water  traps,  and  water  in  the 
lazy  loops.  On  the  other  hand,  optimization  of  all 
factors  that  contribute  to  flow  resistance  in  com- 
bination with  the  expiratory  compartment  with  the 
lowest  flow  resistance  yields  the  superior  ex- 
piratory subsystem. 

Before  I  focus  the  topic  of  control  of  the  ex- 
piratory process  back  to  microprocessor  tech- 
nology, the  dynamic  behavior  of  our  representative, 
third-generation  expiratory  systems  should  be  men- 
tioned briefly.  The  dynamic  model  for  this  phase  of 
the  study  (Fig.  12)  consisted  of  one  half  of  a  Mich- 
igan Instruments  Training  Test  Lung  (TTL)  con- 
nected to  an  electronically  switched,  large-bore,  pi- 
loted valve  by  an  approximately  12-in  (30-cm) 
length  of  standard  adult-size  tubing.  To  the  outlet 
of  the  piloted  valve  was  connected  an  ET  tube,  the 
standard  expiratory  circuit,  and,  lastly,  the  ex- 
piratory compartment  under  study.  The  expiratory 
compartment  of  each  ventilator  contained  only  the 
factory-fitted  equipment,  except  for  the  inclusion 
of  the  same  Puritan-Bennett  SPU  disposable  filter, 
even  when  such  a  filter  was  not  part  of  the  ven- 
tilator's standard  set-up.  (Note  that  for  this  experi- 
ment the  ventilator  itself  was  bypassed;  only  the 
expiratory  compartment  was  connected  to  the  TTL 
model  lung.)  A  pressure  tap  at  the  simulated  carina 
position  completed  the  model.  Pressure-time  traces 
were  run  for  each  trial  on  a  Gould  Model  TA2000 
digital  strip-chart  recorder.  Calibration  was  ad- 
justed to  50  cm  H20  full  scale  (20  cm),  and  the 
paper  speed  was  100  mm/s.  Each  trial  began  with 
the  lung  filled.  In  quick  succession,  the  chart  re- 
corder was  switched  on  and  the  piloted  valve  was 
switched  open.  Thus,  this  model  simulated  a  pa- 
tient who  inhaled  a  tidal  volume  of  1  L  and  then 
exhaled  passively. 

Figure  13  shows  typical  dynamic  expiratory 
traces  for  each  of  the  four  ventilators  (C  =  0.30  L/ 
cm  H:0,  #7  ET).  Also  included  for  comparison  are 
the  control  traces  recorded  identically,  except  for 
the  uncoupling  of  the  ventilator.   Repeatedly  re- 


Fig.  12.  Illustration  of  the  dynamic  model  used  to  derive 
AP-time  traces  during  a  passive,  compliance-driven  ex- 
halation from  a  Michigan  Instruments  Training  Test  Lung 
(TTL;  only  one  chamber  active)  filled  previously  from  a  1.0- 
liter  syringe.  A  mechanical  stop  in  the  syringe  ensured  that 
all  volumes  were  identical.  The  leak  tightness  of  the  lung, 
interconnecting  tube,  and  piloted  valve  was  verified  by  ob- 
serving the  pressure  in  the  lung  following  the  injection  of 
1 .0  liter  into  the  lung  chamber.  Pressure  declined  only  frac- 
tions of  a  cm  H20  during  the  interval  required  to  start  the 
recorder  and  initiate  an  exhalation.  Pressure  during  exhala- 
tion was  read  from  a  tap  placed  at  the  'carina'  position.  In 
this  model,  only  three  elements  were  varied:  (1)  the  com- 
pliance of  the  TTL  (0.050  or  0.030  L/cm  H20),  (2)  the  size 
of  the  endotracheal  tube  (#9  or  #7),  and  (3)  the  expiratory 
compartment  (V1,  V2,  V3,  or  V4).  The  configuration  of 
each  expiratory  subsystem  under  test  consisted  of  all  stan- 
dard elements  (flow-sensor,  water  trap,  tubes,  etc)  plus  the 
same  60-in  (152-cm)  straight  length  of  Smooth  Bore  tubing 
and  Puritan-Bennett  SPU  expiratory  filter,  whether  or  not 
this  item  was  standard. 

corded  traces  of  any  type  exhibited  superposition 
within  the  limits  of  the  width  of  the  tracing  (Panel 
A).  Note  that  the  control  trace  (without  any  ex- 
piratory compartment)  indicates  that  the  time  for 
pressure  to  decline  from  its  initial  value  (measured 
inside  the  lung,  approximately  33  cm  H:0)  to  5%  of 
initial  value  (e~3)  equals  approximately  940  ms. 
(See  Reference  39  for  a  thorough  development  of 
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Fig.  13.  Dynamic,  expiratory  pressure  traces  for  each  of 
the  four  expiratory  subsystems,  including  the  control 
trace  recorded  identically  but  minus  a  ventilator.  Com- 
pliance was  set  to  0.030  L/cm  H20  and  the  ET  was  a  #7. 
Prior  to  initiation  of  the  exhalation,  the  lung  chamber  was 
filled  from  a  1.0-L  syringe.  Panel  A  exhibits  trial  re- 
peatability by  showing  the  superposition  of  two  separate 
(control)  traces.  Panels  B,  C,  D,  and  E  show  a  control 
trace  along  with  a  trace  recorded  with  one  of  the  four  ex- 
piratory compartments  included  as  an  element  of  the  ex- 
piratory subsystem.  Thus  the  difference  between  a  con- 
trol trace  and  an  experimental  trace  depends  only  on 
those  elements  included  in  each  ventilator's  expiratory 
compartment,  as  detailed  in  Figure  10. 

the  dynamic  behavior  of  the  respiratory  sub- 
system.) This  statement  is  important.  It  means  that 
for  any  real  expiratory  subsystem  (including  an  ex- 
piratory compartment),  the  minimum  expiratory 
time  cannot  be  less  than  940  ms  (configuration  de- 
fined above,  including  PEEP/CPAP  =  0,  a  #7  ET 
tube,  e^3  factor).  This  minimum  time  extends  to  ap- 
proximately 1.25  s  with  a  98%  decline  (e^4  factor) 


in  pressure.  The  data  in  Table  1  summarize  the 
analyses  of  all  trials  conducted  with  the  dynamic 
model. 

Table  1.  Estimated  Time  for  Carina  Pressure  To  Decline 
from  Pre-Exhalation  Value  of  Chamber  Pressure  (  = 
32  em  FLO.  Measured)  to  e~"3  (or  5%)  of  that  Value 
(=  L6cmH:0)* 


C  =  0.030  L/cm  H:0        C  =  0.050  L/cm  H:0 


Configuration    #9  ETT       #7  ETT         #9  ETT        #7  ETT 


Control 


0.69+ 


0.94 


Complete 

Exhalation 

System  0.79-0.86     1 .09- 


.06-1.113      1.38-1.46 


*  C  =  compliance,  ETT  =  endotracheal  tube. 
+Values  are  in  seconds. 


One  way  to  understand  the  data  from  the  dynam- 
ic model  is  to  compare  each  of  the  pressure-time 
traces  recorded  with  a  given  ventilator  to  its  control 
trace  (Figure  13,  Panels  B,  C,  D).  This  comparison 
generated  four  tables  in  which  the  four  control 
curves  (C  =  0.50  and  0.30  cm  H:0,  ET  =  #7  and 
#9)  were  subtracted  from  the  four  matching  curves 
generated  with  each  of  the  four  ventilators.  The  re- 
sults of  one  such  exercise  appear  in  Figure  14.  All 
of  the  difference  curves  demonstrate  a  similar  pat- 
tern. A  few  milliseconds  after  exhalation  began,  the 
experimental  curves  measured  little  more  than  1.0 
cm  H:0  away  from  the  control  curve.  Approx- 
imately 600  to  700  ms  after  exhalation  began,  the 
experimental  and  control  curves  exhibited  the  max- 
imum separation,  between  approximately  2.1  cm 
FL.0  for  the  least  burdensome  expiratory  system 
and  2.7  cm  H20  for  the  most  burdensome  ex- 
piratory system.  At  the  100-ms  mark  (after  the  in- 
itiation of  exhalation),  the  order  of  APs  was  VI  ~ 
V3  >  V4  >  V2.  From  200  to  700  ms.  the  order  be- 
came V3  >  VI  >  V4  >  V2.  At  the  next  measure- 
ment time,  the  order  shifted  to  V3  >  V 1  >  V2  -  V4. 
By  the  900-ms  mark,  the  order  shifted  again,  be- 
coming V3  >  VI  ~  V2  -  V4.  After  1000  ms.  when 
the  data  can  only  be  estimated,  the  probable  order 
of  APs  was  V3  ~  V4  >  VI  ~  V2.  For  the  case  of 
passive  exhalation  and  zero  PEEP/CPAP,  all  four 
ventilators  achieved  an  e-3  decline  in  (carina)  pres- 
sure by  approximately  the  1.1 -s  mark. 
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Fig.  14.  Dynamic,  difference-AP  profiles  plotted  from 
data  obtained  for  each  of  the  four  expiratory  subsystems. 
Difference  APs  were  calculated  by  subtraction  of  the  con- 
trol AP-time  profiles  recorded  without  the  expiratory  com- 
partments from  the  matching,  experimental  AP-time  pro- 
files recorded  with  the  expiratory  compartments  attached 
(see  Fig.  13).  Exhalation  was  driven  by  the  volume- 
loaded  (dynamic),  TTL  model  as  illustrated  in  Figure  12. 
Data  points  for  the  1 .0-second  mark  are  estimates  made 
by  extending  by  one  interval  the  semilogarithmic  plots  of 
the  raw  data.  PEEP/CPAP  for  these  tests  was  set  to 
zero. 

Although  a  detailed  analysis  of  the  dynamic  re- 
sults has  little  bearing  on  the  goal  of  this  paper, 
some  qualitative  statements  appear  relevant.  The 
AP-flow  profiles  shown  in  Figure  1 1  (all  common 
components  from  and  including  the  patient  Y  to 
and  including  the  individual  expiratory  compart- 
ments) suggest  that  VI  exhibited  the  lowest  APs 
between  25  and  50  L/min,  whereas  V2  exhibited 
the  lowest  values  between  150  and  200  L/min  (and 
VI  registered  the  highest  value  at  200  L/min).  At 
50,  100,  and  150  L/min,  the  highest  APs  were  reg- 
istered by  V3.  All  of  the  dynamic,  differential  AP 
curves  were  qualitatively  similar  to  those  shown  in 
Figure  14.  During  the  early  part  of  exhalation, 
when  high  flows  dominated,  V3  generally  exhibit- 
ed the  highest  differential  values  and  V2  the  low- 
est. Toward  the  end  of  the  exhalation,  when  flows 
were  reduced,  the  lowest  differential  values  were 
generally  registered  by  VI.  The  point  of  im- 
portance is  that  the  shortest  expiratory  time  results 
from  the  dynamic  interaction  of  all  of  the  elements 
comprising  the  expiratory  system. 

With  a  qualitative  appreciation  for  the  behavior 
of  current  expiratory  systems  operating  at  zero 
PEEP/CPAP,  it  is  possible  to  develop  an  under- 


standing of  an  expiratory  system  running  under  mi- 
croprocessor control.  In  the  face  of  the  same  tidal 
volume  or  active  inspiratory  pressure  (measured 
from  PEEP/CPAP  to  the  "target'*  pressure  during 
pressure-control  ventilation  [PCV]),  the  selection 
of  a  level  of  PEEP/CPAP  causes  the  end- 
inspiratory  pressure  in  the  lungs  to  increase  by  a 
value  approximately  equal  to  the  setting  for  PEEP/ 
CPAP  (more  or  less  equal  if  volume  ventilation  is 
active,  and  equal  if  PCV  is  active).  This  result 
means  that  the  pressure  gradient  from  lung  to  at- 
mosphere increases,  whereas  the  gradient  from 
lung  to  PEEP/CPAP  remains  approximately  the 
same.  If  the  conventionally  controlled  and  pneu- 
matically piloted  expiratory  valve  retains  its  same 
efficiency  with  and  without  PEEP/CPAP,  which 
most  likely  does  not  happen,28"30  the  expiratory 
pressure-time  profile  remains  essentially  the  same 
regardless  of  the  PEEP/CPAP  value.  Because  of  in- 
efficiency, expiratory  time  usually  increases  as 
PEEP/CPAP  increases.  If,  however,  the  ventilator 
could  take  advantage  of  the  lung-to-atmosphere 
pressure  gradient,  instead  of  being  constrained  to 
the  lung-to-PEEP/CPAP  gradient,  exhalation  with 
finite  PEEP/CPAP  could  be  more  efficient  than  (or 
at  least  as  efficient  as)  exhalation  with  PEEP/CPAP 
equal  to  zero.  To  achieve  this  goal,  the  air  chamber 
behind  the  diaphragm  (Fig.  15)  is  effectively  refer- 
enced to  atmospheric  pressure  early  in  the  expir- 
atory event,  then  smoothly  referenced  back  to  the 
effective  PEEP/CPAP  pressure  at  precisely  the 
right  time  to  re-establish  the  desired  PEEP/CPAP 
setting. 

The  type  of  control  just  described  for  the  ex- 
piratory valve  is  termed  "active."  Active  implies 
that  the  behavior  of  the  valve  under  all  anticipated 
conditions  is  specified  by  an  algorithm  whose  com- 
mands are  executed  via  a  control  system  (for  the 
purposes  of  this  paper,  read:  microprocessor).  Ac- 
tive control  generally  follows  one  of  two  schemes: 
the  first  entails  manipulation  of  the  pressure  in  the 
air  chamber  behind  the  diaphragm  (Fig.  15,  Inset 
B),  and  the  second  uses  a  proportional,  linear  so- 
lenoid directly  or  indirectly  coupled  to  the  di- 
aphragm. Exhalation  in  the  Drager  IRISA  typifies 
active  pneumatic  control,  whereas  exhalation  in  the 
Hamilton  Veolar  and  Amadeus  typifies  active  con- 
trol managed  by  an  electrodynamic  motor.  Opera- 
tionally, these  active  valves  are  controlled  by  an  al- 
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Fig.  15.  An  illustration  of  a  diaphragm-type  expiratory 
valve.  Diaphragm  positioning  generally  follows  one  of 
three  strategies:  (1)  maintenance  of  a  specified,  PEEP/ 
CPAP-equivalent  pressure  in  the  air  chamber  (passive, 
pneumatic  control;  see  Inset  A),  (2)  algorithmic  modula- 
tion of  the  chamber  pressure  between  the  PEEP/CPAP- 
equivalent  value  and  a  lesser  value,  thereby  improving 
expiratory  efficiency  when  PEEP/CPAP  is  finite  (active, 
pneumatic  control;  see  Inset  B),  and  (3)  algorithmic  posi- 
tioning of  the  diaphragm  via  an  electrodynamic  motor 
(active,  direct  control;  see  Inset  C).  If  the  electrodynamic 
motor  and  the  diaphragm  are  directly  coupled  (in  con- 
trast to  physically  uncoupled),  all  positions  of  the  di- 
aphragm must  be  specified  by  the  control  algorithm.  In 
the  uncoupled  design,  the  force  of  exhalation  opens  the 
valve,  but  closure  is  controlled  by  the  electrodynamic 
motor. 

gorithm  that  monitors  breath-timing  and  airway 
pressure. 

Although  the  design  of  such  an  active  control  al- 
gorithm may  appear  straightforward,  the  task 
presents  considerable  challenges,  especially  when 
PEEP/CPAP  assumes  finite  values.  Unlike  the  in- 
spiratory event,  which  is  controlled  by  valves  regu- 
lating flow  derived  from  an  infinite  source  and 
stable  pressure,  the  expiratory  event  begins  with  a 
finite  source  (volume),  driven  by  a  diminishing 
pressure.  Thus,  inspiration  resembles  the  take-off 
of  an  airplane  with  full  control  of  power,  while  ex- 
halation resembles  the  landing  of  an  airplane  "dead 
stick'  (that  is,  with  no  power).  Exhalation  mimics  a 


quasi-explosive  event.  The  opening  force  acting  on 
the  diaphragm  may  be  so  great  that  too  much  gas 
escapes  from  the  patient  circuit  before  the  PEEP/ 
CPAP-equivalent  pressure  becomes  estab-lished. 
This  action  may  lead  to  a  sub-PEEP/CPAP  pres- 
sure and,  hence,  autocycling.  To  control  this  un- 
wanted side  effect,  valve  engineers  restrict  the  rate 
at  which  the  diaphragm  can  be  driven  off  of  the 
valve  seat.  Many  times,  the  effect  of  such  re- 
straints, although  successfully  inhibiting  un- 
desirable behavior,  adds  to  the  flow  resistance  of 
the  expiratory  valve.  Today's  challenge  to  ven- 
tilator manufacturers  is  that  of  designing  a  cost- 
effective  expiratory  valve,  maximizing  the  de- 
sirable characteristics  and  minimizing  the  un- 
desirable ones.  Such  a  task  is  well  suited  to  micro- 
processor design. 

Harmonization  of  Inspiration  and  Expiration 

Once  the  expiratory  valve  is  placed  under  micro- 
processor control,  undesirable  pressure  phenomena 
occurring  during  inspiration  (eg,  pressure  over- 
shooting due  to  coughing)  can  be  relieved  by  puls- 
ing open  the  expiratory  valve.  Optimum  perform- 
ance of  APRV  (airway  pressure  release  ven- 
tilation), for  example,  reportedly  depends  on  mini- 
mizing the  interval  during  which  the  high  level  of 
CPAP  is  released  to  the  low  level  and  then  re- 
established at  the  high  level.4"'41  Exhalation  in  its 
broadest  context  is  no  longer  seen  as  an  isolated 
event.  Rather,  the  expiratory  valve  and  the  in- 
spiratory valve(s)  operate  in  harmony  to  maximize 
the  efficiency  of  the  inspiratory  and  expiratory 
events.  If  the  analogy  of  a  dead-stick  (power-off) 
landing  of  an  airplane  adequately  conveys  the  im- 
age of  exhalation  without  active  control,  then  ex- 
halation integrated  with  the  pneumatic  subsystem  is 
analogous  to  landing  an  airplane  under  controlled 
power. 

An  excellent  example  of  the  integration  of  the 
expiratory  valve  into  the  more  global  aspect  of  ven- 
tilator function,  all  under  microprocessor  control,  is 
the  programmed,  automatic  measurement  of  intrin- 
sic PEEP  (PEEP,).  East  and  coworkers4243  have  de- 
signed a  prototype  computer  program  for  the  main- 
tenance of  a  desired  level  of  PEEP,,  the  new 
scheme  eliminating  the  need  for  set  PEEP.  In  the 
near  future,  actively  controlled  expiratory  valves, 
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acting  in  concert  with  the  pneumatic  subsystem, 
will  become  an  indispensable  component  of  so- 
phisticated ventilator  design. 

The  User  Interface 

Clinicians  seem  to  approve  of  sophisticated 
equipment  as  long  as  it  is  easy  to  use.  (See  Refer- 
ence 44  for  an  interesting  discussion  of  the  re- 
quirements for  sophisticated  user  interfaces.)  At 
first  glance,  this  statement  appears  inconsistent;  yet 
upon  introspection,  an  understandable  logic  emerg- 
es. As  the  1970s  drew  to  a  close,  few  people  re- 
alized that  the  proliferation  of  the  personal  comput- 
er lay  just  around  the  corner.  Specialty  micro-  and 
mini-computers  were  in  the  hands  of  knowledge- 
able users,  but  the  average  person  'made  do'  with 
paper  and  pencil  or  possibly  a  typewriter.  Software 
and  affordable  price  then  made  the  personal  com- 
puter available  to  nearly  every  desk.  Software  bur- 
ied the  complex  tasks  behind  a  'screen'  of  simplic- 
ity. Although  the  equivalent  breakthrough  has  not 
yet  occurred  in  ventilator  design,  the  application  of 
'friendly'  software  to  the  user  interface  cannot  be 
too  far  away.  While  one  could  argue  for  an  analog- 
based  gas-delivery  system,  few  would  reject  the 
case  for  a  microprocessor-based  user  interface.  The 
ease-of-use  issue  extends  beyond  the  question  of 
knobs  versus  keys  or  how  information  is  com- 
municated within  or  outside  of  the  ventilator  (see 
Reference  7  for  a  short  discussion  of  this  subject). 
For  at  least  the  last  15  years,  a  'standard'  adult  ICU 
ventilator  has  been  expected  to  offer  A/C,  SIMV, 
and  CPAP  with  pressure-triggering  and  volume- 
based  mandatory  breaths.  More  recently,  clinicians 
have  come  to  expect  pressure  support  and  possibly 
pressure  control.  Forgetting  the  conventional  for 
the  moment,  suppose  your  next  ventilator  offered, 
in  addition  to  the  standard  features,  flow-triggering, 
pressure-support  ventilation,  pressure-control  ven- 
tilation (and  perhaps  volume-priority  pressure  ven- 
tilation), airway  pressure  release  ventilation.4"41 4v47 
proportional  assist  ventilation,48  mandatory  minute 
ventilation,  programmable  inspiratory  and  ex- 
piratory pause,  respiratory  mechanics  and  weaning 
parameters,  SP02,  integrated  smart  end-tidal  C02, 
integrated  metabolics,  work  of  breathing,  real-time 
blood  gases,49"52  not  to  mention  graphics  (wave- 
forms and  trending),  smart  alarms,  advisory  closed- 


loop  ventilation,53"55  closed-loop  ventilation  based 
on  high-level  intelligence,56"58  and,  finally,  digital 
communications  (bedside,  remote,  and  telemeter- 
ed)— as  well  as  the  capability  to  ventilate  neonatal, 
pediatric,  and  adult  patients.  Such  a  system  could 
well  be  inundated  with  knobs,  levers,  buttons,  and 
specialty  displays.  Not  only  would  a  conventional 
user  interface  cost  nearly  a  fortune  to  manufacture, 
but  only  a  dedicated  optimist  would  be  inclined  to 
master  the  system. 

Only  through  thoughtful  software  design  (im- 
plied microprocessor  control)  can  such  a  system  be 
managed.  With  careful  analysis  of  each  function 
and  its  relationship  to  the  whole,  the  apparent  con- 
fusion of  functions  begins  to  sort  itself  out — SIMV 
but  not  CMV,  CPAP.  APRV.  or  MMV:  flow- 
triggering  but  not  pressure-triggering;  PAV  but  not 
PSV;  PCV  but  not  volume-based  ventilation;  and 
adult  ventilation  but  not  neonatal  or  pediatric.  The 
selection  of  a  few  functions  obviates  others. 

Coding  of  the  logic  tree  in  software  permits  the 
ventilator  to  know  how  to  configure  itself  once  the 
operator  identifies  his  or  her  selections.  Micro- 
processor control  lends  itself  extremely  well  to  this 
type  of  situation.  What  the  clinician  sees  and  inter- 
acts with  are  just  those  subgroups  of  functions  that 
enable  him  or  her  to  control  the  ventilator.  Even 
within  the  subgroups,  many  functions — sigh  and 
apnea  ventilation,  for  example — can  remain  out  of 
sight,  recallable  with  a  single,  simple  command. 

By  what  means  does  the  clinician  manage  such  a 
system?  No  single  best  solution  exists.  Today's  de- 
signer has  many  technologies  from  which  to 
choose:  mouse,  track  ball,  rotary  encoder,  pistol- 
grip  handle,  soft  key,  and  touch  screen,  to  name  the 
most  common.  Continuing  study  and  experi- 
mentation will  be  required  before  an  optimal  solu- 
tion emerges.  One  can  suggest  that  no  single  tech- 
nology will  satisfy  all  requirements.  Each  specific 
environment  demands  its  own  solution. 

Display  of  Patient  Data 

With  software  working  in  conjunction  with  pow- 
erful, fast  microprocessors  and  seemingly  un- 
limited memory,  how  can  limits  be  set  on  the  pro- 
cessing and  displaying  of  data?  Because  virtually 
all  possibilities  can  be  implemented,  does  that 
mean  they  should  be?  One  approach  to  the  problem 
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of  data  overload  is  to  review  what  the  clinician 
needs  to  see  if  he  or  she  is  to  make  intelligent  de- 
cisions. Data  for  the  sake  of  data  must  be  rejected. 
The  minimal  requirement  demands  that  data  be 
translated  into  information,  and  the  information 
must  be  relevant  to  patient  care. 

In  the  past,  information  consisted  of  numbers: 
for  example,  set  Vt,  500  mL;  measured  exhaled 
Vt,  480  mL;  assist-control  respiratory  rate,  18 
breaths/min;  peak  inspiratory  pressure,  55  cm  H:0; 
mandatory  minute  ventilation,  8.64  L.  When  most 
ventilator  fleets  in  the  United  States  consisted  of 
MA- Is  and  Bear  Is  and  2s,  sophisticated  display  of 
data  lacked  urgency.  Recent  clinical  studies  sug- 
gest that  all  was  not  as  simple  as  assumed."'39  Fig- 
ure 16,  taken  from  Reference  59  (1986),  illustrates 
the  conceptual  problem.  The  solid  P-V  trace  in  the 
upper  panel  results  from  a  controlled,  square- 
waveform,    mandatory    breath    (passive    patient). 


-Inspiration- 


-N«- 


-Expiration- 


Fig.  16.  Illustration  of  assumed  versus  actual  work  during 
volume-based,  assist-control  ventilation  (square  flow 
waveform).  Shown  in  the  upper  panel  are  P-V  traces  re- 
sulting from  a  controlled  breath  and  an  assisted  breath. 
Clinicians  generally  believe  that  both  traces  would  ap- 
pear as  illustrated — nearly  identical.  Recent  analysis59 
suggests  that  the  P-V  trace  for  an  assisted  breath  has 
the  appearance  shown  in  the  bottom  panel.  Super- 
position of  the  controlled  and  'actual'  assist-control  trac- 
es allows  the  partition  of  machine  and  patient  work.  (Re- 
printed, with  permission,  from  Reference  59.) 


Conventional  wisdom  believed  that  when  the  pa- 
tient triggered  the  mandatory  breath,  the  P-V  trace 
would  appear  somewhat  similar,  as  suggested  by 
the  dashed  trace  (upper  panel).  With  the  recent  pro- 
liferation of  pressure-time  (P-T)  waveforms,  most 
clinicians  now  recognize  that  an  assist-controlled 
P-T  waveform  differs  significantly  from  a  con- 
trolled P-T  waveform.  The  impact  of  this  dis- 
crepancy on  a  patient's  work  of  breathing,  how- 
ever, was  previously  little  appreciated.  By 
superimposing  a  control  curve  and  an  assist-control 
curve,  one  can  resolve  the  work  done  by  the  patient 
from  that  done  by  the  ventilator  (refer  to  the  bot- 
tom panel  in  the  figure).  Marini  et  al"  found  that 
the  work  performed  by  patients  during  100%  as- 
sist-control breathing  was  far  from  insignificant, 
measuring  approximately  40%  of  the  work  ob- 
served during  100%  spontaneous  breathing.  Per- 
haps more  interesting  was  the  finding  that  the  work 
per  volume  of  each  assist-controlled  breath  in- 
creased as  the  percentage  of  assist-control  dimin- 
ished (the  decline  in  assist-control  breathing  being 
made  up  by  an  increase  in  the  percentage  of  spon- 
taneous breathing). 

This  discussion  suggests  that  the  P-T  waveform 
reveals  specific  information  not  reducible  to  simple 
numbers  (at  least  not  without  special  techniques  in- 
volving placement  of  an  esophageal  balloon).  Sup- 
pose you  observed  a  patient  on  assist-control  ven- 
tilation whose  P-T  waveform  had  the  appearance  of 
Trace  b  in  Figure  17.  The  trace  clearly  evidences 
the  trigger  effort  and  the  subsequent  smooth  rise  to 
peak  pressure  at  end-inspiration.  Some  time  later, 
you  check  up  on  your  patient;  his  or  her  P-T  wave- 
form now  looks  like  that  labeled  c.  Having  gained  a 
facility  for  reading  waveforms,  you  correctly  inter- 
pret Trace  c  as  indicating  flow  starvation.  After 
some  experimentation  with  increased  values  for 
peak  inspiratory  flow,  you  are  able  to  repair  the  sag 
in  Trace  c,  restoring  it  to  the  shape  illustrated  by 
Trace  b.  Suppose  further  that  you  could  select  an- 
other triggering  strategy  for  your  ventilator,  which 
yielded  Trace  d.  You  might  justifiably  feel  a  sense 
of  satisfaction  with  your  newly  mastered  skills. 

Compared  with  the  strategies  for  monitoring  the 
assist-controlled  patient,  the  situation  becomes  con- 
siderably more  complex  when  the  patient  begins  to 
experience  significant  spontaneous  breathing.  Un- 
like the  patient  on  assist/control  (volume-based) 


RESPIRATORY  CARE  •  JANUARY  "93  Vol  38  No 


93 


MICROPROCESSOR-BASED  MECHANICAL  VENTILATION 


Time 


Fig.  17.  Depiction  of  pressure-time  traces  recorded  at  the 
patient  Y  during  volume-based,  assist-control  ventilation. 
Trace  a  illustrates  the  P-T  profile  for  a  machine- 
controlled  breath.  As  the  patient  begins  to  exert  in- 
spiratory effort,  the  P-T  profile  will  shift.  Trace  b  il- 
lustrates an  acceptable  balance  between  patient  work 
and  ventilator  work.  Trace  c  suggests  that  the  patient's 
demand  for  flow  and  the  flow  output  of  the  ventilator  are 
poorly  matched.  Trace  d  illustrates  an  example  in  which 
the  demand  for  flow  is  instantaneously  met  and  de- 
manded flow  and  delivered  flow  are  well  matched 
throughout  the  remainder  of  the  breath. 

ventilation — in  which  the  flow-time  profile  is  com- 
pletely specified  by  the  clinician,  leaving  the  pa- 
tient in  control  only  of  respiratory  rate — the  spon- 
taneously breathing  patient  controls  all  facets  of  the 
minute- ventilation  and  flow  profiles  (with  Jvdt  = 
volume)  as  well  as  respiratory  rate.  Until  the  pa- 
tient recovers  from  the  underlying  problem  that 
caused  ventilator  dependency,  the  clinician  must 
make  effective  use  of  the  ventilator  to  manage  the 
patient's  work  of  breathing.  Because  work  equals 
pressure  x  volume,  the  external  application  of  pres- 
sure, via  the  ventilator,  effectively  allows  the  ex- 
ternally applied  work  to  harmonize  with  patient- 
generated  work.  While  the  current  literature  now 
offers  many  excellent  papers  dealing  directly  with 
pressure  support  and  its  ability  to  manage  work  of 
breathing,60'61  assessment  of  the  adequacy  of  the 
patient's  support  still  remains  largely  an  art  rather 
than  a  science. 

The  quantification  of  harmony  (as  in  patient- 
ventilator  harmony)  presents  innumerable  diffi- 
culties. Because  of  the  human  brain's  ability  to  pro- 
cess complex  information  via  pattern  recognition, 
the  graphic  display  of  information  may  circumvent 


many  of  the  ambiguities  inherent  in  the  design  of 
interpretative  algorithms.  Long  before  ECG 
rhythms  were  processed  by  software,  the  meaning 
of  irregularities  was  deduced  by  the  process  we  hu- 
mans define  as  pattern  recognition.  The  ability  of  a 
ventilator  to  display  waveforms  has  become  a  cus- 
tomer demand.  My  experience,  however,  is  that 
most  clinicians  do  not  yet  feel  comfortable  with  the 
task  of  (waveform)  pattern  recognition.  Maclntyre 
and  Hagus  recognized  this  deficiency,  publishing 
their  monograph  on  waveforms  and  their  inter- 
pretation.62 For  waveform  analysis  to  reach  the 
genuinely  practical  level,  manufacturers  will  most 
likely  have  to  distribute  sophisticated  learning  ma- 
terials (see  Reference  63  for  a  new  addition  to  the 
list  of  waveform-training  booklets). 

Once  a  system  design  includes  one  or  multiple 
microprocessors  (and  associated  memory),  data 
manipulation  and  processing  are  readily  added. 
These  features  do  incur  additional  cost,  owing  to 
specific  hardware  and  software  requirements.  The 
cost  will  be  incremental,  however,  because  of  the 
ready  availability  of  the  raw  data.  Microprocessor 
electronics  (a  convenient  term  that  includes  micro- 
processor, electronics,  and  software)  excel  at  data 
processing,  storage,  and  manipulation.  If  the  basic 
ventilator  design  includes  a  screen,  as  in  the  Bear  5 
and  the  Adult  Star,  a  means  of  display  already  ex- 
ists. Perhaps  not  surprisingly,  the  manufacturers  of 
anesthesia  machines  have  taken  a  temporary  lead 
with  respect  to  the  use  of  display  screens  and  the 
presentation  of  complex  data  (Fig.  18). 

As  clinicians  who  practice  respiratory  care  and 
ventilator  management  (physicians,  therapists,  and 
nurses)  become  more  adept  at  managing  micro- 
processor-based equipment,  manufacturers  can  take 
the  risk  of  introducing  more  sophisticated  devices. 
Several  factors  common  to  the  practice  of  an- 
esthesia, but  absent  from  the  practice  of  respiratory 
care,  seemingly  have  aided  the  development  of 
smarter,  ergonomically  organized,  microprocessor- 
controlled,  anesthesia  machines.  Such  driving  forc- 
es might  include  the  rising  proliferation  of  ancillary 
equipment  essential  to  the  practice  of  anesthesia, 
the  rising  number  of  mishaps  in  the  operating  the- 
ater, the  rising  cost  of  liability,  a  commonly 
trained,  uniform  class  of  device  operators — the  an- 
esthesiologists themselves — and  a  favorable  re- 
lationship between  risk  reduction  and  incremental 


94 


RESPIRATORY  CARE  •  JANUARY  '93  Vol  38  No  1 


MICROPROCESSOR-BASED  MECHANICAL  VENTILATION 


a  ysm 


SYS  PR  SpOj  EtCOi         Ve  P»w 

123  64      95  33  3.9  23 

DIA  FIISO  EtISO  FIO:  teO  RR 

57  1.8      2.2  42  57  11 


!!!%!! 


Interval     Elapsed  Time 

5  9  m/tu 

Mln  Htn  123/   57 


"»» 


m    C02 

3  O  r\  :zl 


EtC0233 


We     3.9 


sP02   95, 

Paw23 

DIA 

57 

FilSO      EtISO 

1.8       2.2 

Fi(h        N2O 
42       57 

RR 
11 

Fig.  18.  Examples  of  information  displayed  on  the  face  of 
a  configurable  'screen.'  Note  the  balance  between  nu- 
meric and  analog  data,  real-time  and  trended  data.  With 
the  proliferation  of  screens — primarily  video,  liquid  crystal 
display,  and  electro-luminescent — clinicians  can  expect 
to  see  a  rapid  rise  in  the  intuitive  display  of  information. 
(Permission  to  print  granted  by  Ohmeda,  A  Division  of 
BOC  Health  Care  Inc.) 

cost  (see  Reference  64  for  papers).  Compounding 
the  issue  of  sophistication  and  ventilator  design  are 
several  divergent  factors,  such  as  the  multiplicity  of 
user  education,  training,  and  background,  a  com- 
mon user  outlook  that  encourages  sophistication 
but  not  at  the  expense  of  complexity,  and  the  per- 
ception on  the  part  of  the  user  that  sophistication 
may  be  outstripping  benefit.  Notwithstanding  these 
obstacles,  ventilator  manufacturers  and  clinical  re- 
searchers, working  individually  or  jointly,  evince 


concerted  efforts  in  the  direction  of  sophistication 
and  ease  of  use."' "" 

Data  Transmission  to  Remote  Locations 

Once  a  ventilator's  microprocessor  electronics 
have  captured,  processed,  and  manipulated  data  for 
use  within  the  device,  distribution  of  this  infor- 
mation to  remote  locations  can  be  effected  for  a  rel- 
atively modest  incremental  cost  (see  Reference  67 
for  a  balanced  discussion  of  the  issues  and  con- 
cerns regarding  transmission  of  digital  data  from 
ventilators  to  computers  and  printers).  Puritan-Ben- 
nett's 7200  ventilator  first  offered  a  digital  data 
output  in  1985.  This  feature  is  now  common  to  all 
third-generation,  microprocessor-based  ventilators. 
Although  not  microprocessor-based,  the  Siemens 
900C  acquires  this  capability  with  the  addition  of 
their  990  Digital  Communication  Module.  The 
newly  introduced  Siemens  300  series  ventilator  is 
based  on  a  multiprocessor  design  with  ample  input- 
output,  digital  communications  capability.  The  lack 
of  a  communication  protocol  common  to  the  med- 
ical-device industry,  as  well  as  the  lack  of  standard- 
ized receiving  modules,  inhibits  the  availability  of 
potentially  useful  information  to  the  clinician.  A 
Siemens  monitor  will  receive  information  only 
from  a  900C  or  SV300,  a  SpaceLabs  monitor  will 
link  to  a  7200,(,s  and  Hewlett  Packard  now  offers 
links  to  the  900C  and  7200— but  users  who  lack 
these  specific  configurations  receive  no  benefit. 
The  MIB  (medical  information  bus)  offers  some 
hope,  but  manufacturers  have  not  uniformly  en- 
dorsed the  protocol.69  Although  the  manufacturers 
of  monitors  may  be  willing  to  supply  communica- 
tions modules  for  the  more  popular  ventilators, 
manufacturers  with  smaller  market  shares  will  be 
left  out  unless  a  uniform  standard  is  adopted.  Clin- 
ical departments  that  early  on  adopted  a  strong 
stand  in  favor  of  remote  data  display  simply  wrote 
their  own  software  (personal  communication.  Dr 
Graziano  Carton,  Sloan-Kettering  Institute,  New- 
York  NY,  December  1990). 

Whatever  the  current  level  of  frustration  regard 
ing  the  lack  of  common  communication  protocols, 
I  perceive  a  strong  demand  for  this  capability.  Giv- 
en progress  in  this  direction,  some  potentially  inter- 
esting possibilities  emerge.  With  continuing  pas 
sures  for  cost  containment,  one  can  envision  not 
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only  remote  display  of  data  at  central  stations,  but 
the  transmission  of  specific  information  to  re- 
ceiving devices  worn  or  carried  by  on-duty  practi- 
tioners. These  receivers  may  resemble  pagers  or 
powerful  hand-held  computers  such  as  those  sold 
with  Puritan-Bennett's  Clini vision  data-manage- 
ment system. 

Although  beyond  the  scope  of  this  paper,  the 
issue  of  remote  monitoring  raises  many  concerns 
regarding  the  impersonalization  of  patient  care.  As 
the  possible  becomes  feasible,  society  and  the  med- 
ical community  must  discover  ways  to  explore  and 
resolve  pressures  that  tend  to  erode  the  practi- 
tioner-patient relationship. 

Ventilator  Alarm  Strategies 

A  ventilator  not  only  needs  to  offer  all  of  the 
requisite  modes  and  controls  for  uniquely  tailoring 
gas  delivery  to  every  patient,  but,  in  addition,  a 
ventilator  must  be  capable  of  identifying  when  it, 
the  patient,  or  the  ventilator-patient  relationship  is 
jeopardized.  In  parallel  with  simplification  of  the 
operator  interface,  microprocessor  electronics  has 
the  potential  to  enhance  and  improve  the  current  of- 
fering of  alarm  strategies.  In  this  section,  I  review 
the  development  underlying  third-generation  alarms 
and  highlight  some  of  the  ways  in  which  micro- 
processor electronics  could  lead  to  more  satisfying 
alarm  strategies. 

Brief  Developmental  History 

The  first  ventilator,  the  Fell  O'Dwyer  apparatus 
introduced  in  1888,  very  closely  resembled  a  mod- 
ern-day, foot-operated  basketball  pump.  It  had  no 
alarms.  In  time,  early  ventilators  were  fitted  with  a 
pressure  gauge  to  monitor  airway  pressure.  Puritan- 
Bennett's  popular  MA-1  contained  only  two 
alarms. 

Today  the  Siemens  900C  offers  eight  alarms,  but 
they  are  not  organized  into  a  unique  alarm  section. 
Puritan-Bennett's  7200,  introduced  in  1983,  now 
has  15  alarms,  excluding  those  associated  with 
SpCb.  and  7  of  the  15  are  settable.  But  still,  in 
SIMV  the  alarms  for  mandatory  and  spontaneous 
tidal  and  minute  volume  are  not  separable.  In  addi- 
tion, each  limit  violation  triggers  an  alarm.  This 
one-violation,  one-alarm  scheme  has  come  under 


criticism  because  nuisance  alarms  cannot  be  dis- 
tinguished from  "real'  alarms.  Other  third- 
generation  ventilators  fare  little  better. 

Notwithstanding  minor  improvements,  such  as 
setting  the  number  of  consecutive  violations  of 
high-pressure  limit  that  trigger  the  high-airway- 
pressure  alarm  (introduced  on  the  Bear  2),  most 
manufacturers  appear  to  have  acted  independently 
or  followed  someone  else's  lead,  but  without  any 
genuine  awareness  of  the  need  for  a  more  globally 
integrated  alarm  strategy.70  From  a  well  reasoned 
but  brief  clinical  perspective,  Maclntyre  and  Day 
present  a  comprehensive  ventilator-based  alarm 
system.70  Proposals  such  as  these  can  be  expected 
to  stimulate  manufacturers  to  work  together  toward 
the  definition  of  a  more  efficacious  ventilator- 
oriented  alarm  package. 

Toward  a  Globally  Integrated  Alarm  Strategy 

Before  I  address  the  requirements  of  a  globally 
integrated  alarm  strategy,  some  fundamental  ques- 
tions must  be  asked.  Near  the  top  of  any  list  lies  a 
question  that  asks  the  meaning  of  a  limit  violation. 
For  any  violation  placing  the  patient  at  severe  risk, 
the  answer  is  unequivocal:  enunciate  the  highest 
level  of  emergency.71  Ventilator  shutdown,  loss  of 
gas  supplies,  disconnection  or  occlusion  of  the  pa- 
tient circuit,  all  identify  such  situations.  But  what 
of  other  limit  violations,  such  as  the  limit  for  low 
exhaled  tidal  volume?  Most  likely  one  single  tidal 
volume  measuring  less  than  the  low  limit  carries 
little  urgency.  A  momentary  pulse  of  a  yellow 
light,  including  logging  of  the  event,  probably  sat- 
isfies the  requirement  for  notification  and  re- 
cordkeeping. If  single-limit  violations  lack  suf- 
ficient risk  to  the  patient,  what  criteria  must  be  met 
before  trivial  risks  become  urgent?  Perhaps  cli- 
nicians would  agree  that  repetitive  limit  violations 
eventually  place  the  patient  at  risk.  Does  this  mean 
that  any  parameter,  successively  violated  for  some 
specific  duration,  must  cause  the  annunciation  of 
an  urgent  alarm  (audible  and  visual)?  If  the  answer 
is  even  a  tentative  Yes,  who  has  the  obligation  to 
set  all  of  the  appropriate  limit  boundaries?  Any  se- 
rious attempt  to  pursue  such  reasoning  eventually 
points  to  considerable  uncertainty. 

Fortunately,  thoughtful  effort  has  been  devoted 
to  solving  some  of  these  issues.  With  respect  to  an- 
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nunciation.  ISO  Draft  Proposal  9703.2,  dated  De- 
cember 1,  1987, 71  offers  specific  audio  and  visual 
recommendations  for  three  levels  of  notification: 
general  warning,  general  caution,  and  advisory. 
This  document  takes  into  account  the  psychological 
aspects  of  annunciation  and  the  audible  sound  con- 
veying the  level  or  urgency.  Although  no  ventilator 
manufacturer  has  fully  implemented  the  recom- 
mendations of  ISO  9703.2.  some  of  the  newer  an- 
esthesia machines  offer  more  comprehensive  alarm 
strategies  embracing  some  of  the  concepts  em- 
bodied in  this  document.  Ventilator  manufacturers 
cannot  afford  to  lag  too  far  behind. 

Any  comprehensive,  global  alarm  strategy  must 
take  into  account  both  limit-setting  and  annuncia- 
tion. The  recommendations  of  ISO  Draft  Proposal 
9703.2  appear  well  intentioned,  but  the  document 
says  little  about  the  smart  algorithms  that  must  as- 
certain whether  a  violation  rates  a  general  warning, 
a  general  caution,  or  an  advisory.  It  is  tempting  to 
suggest  that,  whatever  the  algorithmic  design,  lim- 
it-setting must  be  automatic.  Built-in  nomograms 
could  provide  initial  boundaries  subject  to  practi- 
tioner review,  given  that  the  patient's  weight  was 
initially  identified.  Once  ventilation  began,  sta- 
tistical analyses  could  provide  updated  limits  based 
on  actual  data.  Currently  active  boundary  limits 
could  be  displayed  on  an  appropriate  screen,  avail- 
able for  review  and  modification  by  the  practi- 
tioner. Whatever  the  attraction  of  intelligent  alarms 
with  hierarchical  annunciation,  careful  design,  test- 
ing, and  evaluation  must  be  undertaken  before  such 
concepts  gain  even  a  modicum  of  credibility. 

Whether,  when,  or  under  what  conditions  in- 
telligent alarms  become  implemented,  their  success 
will  directly  depend  on  the  design  of  com- 
prehensive algorithms  running  on  fast,  powerful 
microprocessors.  Rather  than  the  current  condition 
of  one-violation,  one-alarm,  these  algorithms  will 
constantly  monitor  all  patient-related  parameters  to 
determine  impending  patient  risk.  Rather  than  iden- 
tifying a  specific  indicator  like  high-pressure  limit, 
the  ALARM  violation  might  be  accompanied  by  the 
comment,  "Violation  of  high-pressure 
limit  due  to  sustained  decrease  of 
lung-thorax  compliance."  When  the  prac- 
titioner recognizes  the  general  warning,  there 
should  be  no  uncertainty  about  the  level  of  ur- 
gency, as  is  the  case  today.  Even  before  the  general 


warning,  the  practitioner  will  have  recognized  the 
general  caution,  identifying  that  the  condition  of 
the  patient  has  shifted  from  an  earlier,  acceptable 
state.  Thus,  the  meaning  of  general  warning  will  be 
unequivocal:  "Come  immediately,  risk  is  im- 
minent." Without  sophisticated,  nomogram-based 
algorithms,  running  under  the  control  of  powerful 
microprocessors,  such  global  alarm  strategies 
would  be  unthinkable. 

Because  of  the  voracious  appetite  of  micro- 
processor electronics  for  copious  quantities  of  data, 
a  general  monitoring  umbrella  could  continually 
survey  all  ventilator  settings — old  as  well  as  new. 
Such  an  umbrella  monitor  could  compare  all  new 
settings  to  old  settings  and  then  warn  the  practi- 
tioner of  logical  inconsistencies.  For  example,  sup- 
pose that  the  current  setting  for  Vt  were  600  mL, 
with  a  low  Vt  alarm  setting  of  450  mL.  While  con- 
ducting a  routine  check  of  the  patient  and  ven- 
tilator, the  practitioner  increased  the  set  Vj  from 
600  mL  to  750  mL  but  forgot  to  raise  the  limit  set- 
ting for  the  low-Vy  alarm.  An  umbrella  monitor 
would  catch  this  error  immediately.  As  long  as  the 
algorithm  saw  repetitive  changes  (an  indication  that 
a  practitioner  was  addressing  the  ventilator),  no  er- 
ror warning  would  be  annunciated.  When  the  um- 
brella monitor  sensed  no  further  manipulation  of 
the  ventilator  (defined  as  an  interval  of  x  seconds 
without  a  recorded  manipulation),  software  would 
issue  a  visual  advisory.  The  longer  the  interval  of 
inactivity,  the  more  aggressive  the  advisory  would 
become.  Eventually  the  monitor  would  become 
suitably  aggressive  to  demand  attention.  Such  an 
algorithm  has  undergone  limited  testing,  with  gen- 
erally positive  results.  Whether  expanded  testing 
would  gain  practitioner  acceptance  remains  un- 
certain. Whatever  the  uncertainty  of  user  ac- 
ceptance of  such  an  umbrella  monitor,  micro- 
processor electronics  could  manage  the  task  with 
relative  ease. 

Measurement  of  Respiratory  Mechanics 

However  the  terms  "respiratory  mechanics"  or 
"weaning  parameters"  are  identified,  micropro- 
cessor electronics  possess  the  capacity  to  automate 
all  of  these  types  of  maneuvers,  measured  or  com- 
puted within  the  patient- ventilator  domain  (the 
reader  is  directed  to  Reference  72  for  a  detailed  dis- 
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cussion  of  the  monitoring  of  derived  variables).  Al- 
though many  of  today's  microprocessor-controlled 
ventilators  offer  one  or  a  number  of  algorithmi- 
cally  controlled  maneuvers,  the  paucity  of  sup- 
portive or  critical  data  in  the  literature  suggests  that 
these  features  receive  little  use.  Part  of  the  problem 
may  stem  from  the  very  lack  of  supporting  data. 
Without  such  data  to  demonstrate  accuracy  and  ef- 
ficiency, practitioners  experience  little  incentive  to 
change.  The  manufacturers  also  may  have  to  bear 
part  of  the  responsibility  for  low  practitioner  ac- 
ceptance. Not  all  of  their  maneuvers  perform  to 
practitioner  expectations;  no  ventilator  offers  a 
complete  set  of  maneuvers.  For  example,  when  Pu- 
ritan-Bennett designed  their  algorithm  for  negative 
inspiratory  pressure,  their  engineers  were  unwilling 
to  believe  that  the  selectable  occlusion  interval 
should  last  from  10  to  30  seconds.  Errors  in  the  al- 
gorithms must  be  corrected  and  efficacy  dem- 
onstrated before  clinical  acceptance  can  be  ex- 
pected to  increase. 

Table  2  contains  a  list  of  the  respiratory  mechan- 
ics weaning  parameters  that  might  be  expected 
from  an  up-to-date,  third-generation  ventilator.72"74 

The  placement  of  maneuvers  such  as  those  listed 
above  under  algorithmic  control  endows  a  ven- 
tilator with  unique  advantages.  First,  variation 
among  practitioners  vanishes.  The  algorithm  itself 
becomes  the  standard  (assuming  the  requisite  ac- 
curacy). All  practitioners  who  learn  how  to  initiate 
a  maneuver  can  be  said  to  demonstrate  comparable 
accuracy.  Second,  the  initiation  of  many  maneuvers 
requires  that  the  ventilator  be  changed  often  from 
its  current  settings.  In  a  stressful  setting  such  as  the 
ICU,  practitioners  may  forget  to  return  the  ven- 
tilator to  its  current  settings  at  the  conclusion  of  a 
maneuver,  sometimes  to  the  detriment  of  the  pa- 
tient. Under  microprocessor  control,  the  ventilator 
always  reverts  to  the  correct  current  settings.  Third, 
the  microprocessor  has  access  to  information  un- 
available to  the  practitioner.  And  further,  if  such  in- 
formation were  available,  the  calculations  required 
to  yield  a  useful  parameter  would  place  it  well  be- 
yond bedside  relevance. 

As  an  example,  consider  the  simple  square- 
waveform  technique  used  to  estimate  lumped  (ar- 
tificial airway  +  patient)  resistance.  The  clinician 
sets  the  mandatory  waveform  to  square  and  selects 
an   interval    for   the   inspiratory   pause    (plateau). 


Next,  the  ventilator  is  commanded  to  deliver  the 
square  waveform  with  plateau.  The  clinician  must 
collect  three  discrete  values:  the  flow  at  end- 
inspiration,  the  peak  airway  pressure  at  end- 
inspiration,  and  the  plateau  pressure.  Placing  the 
three  values  in  the  equation. 


X-nd-inspiration 

yields  an  estimate  of  Rsla„c.  Errors  abound  in  this 
exercise,  however:  the  interpretation  of  end- 
inspiratory  pressure,  plateau  pressure,  and  the  best 
estimate  for  end-inspiratory  flow  (how  can  we 
know  that  the  set  flow  is  the  true  value  at  end- 
inspiration?).  Notwithstanding  these  obvious  er- 
rors, which  may  not  be  too  damaging,  there  is  an- 
other error  that  does  not  lend  itself  to  ready  dis- 
missal. Figure  19  illustrates  this  error.  The  quantity 


end-inspiration 


-Pn 


underestimates  APR  because  at 


end-plateau.  Ppialeau  overestimates  Piung.  During  the 
plateau,  some  of  the  volume  stored  in  the  patient 
circuit  is  driven  into  the  lung  as  Pend-inspinmon  ar>d 
P,ung  converge  to  the  common  value,  Ppiateau-  Al- 
though this  error  is  generally  negligible  in  the 
range  of  normal  adult  tidal  volumes  and  com- 
pliance, it  becomes  relevant  at  smaller  tidal  vol- 
umes and  lower  compliances.  Whatever  the  mag- 
nitude of  the  correction,  a  microprocessor,  running 
under  an  appropriately  designed  algorithm,  handles 
the  calculations  with  seeming  simplicity. 

Processing  of  Data 

Internal  Processing 

In  previous  sections,  mention  has  been  made  of 
the  relative  ease  with  which  microprocessor  elec- 
tronics manage  real-time  calculations  and  consis- 
tency checks.  Given  that  a  design  for  a  ventilator 
contains  an  absolute  pressure  transducer,  all  gas 
volumes  can  be  readily  expressed  and  manipulated 
in  BTPS  units.  Knowledge  of  the  compliance  of  the 
patient  circuit,  combined  with  the  standard  measure 
of  end-inspiratory  airway  pressure  (Paw),  enables 
the  pneumatic  subsystem  to  deliver  the  set  Vt  to 
the  patient's  airways  in  the  face  of  changing  lung- 
thorax  compliance  and  resistance.  Any  simple  or 
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Table  2.    Respiratory  Mechanics  Weaning  Parameters  Measured  by  Third-Generation  Ventilators 


Common  Name 


Measured  Parameter 


Comments 


Static  resistance,  R,, 


Static  compliance,  Csi; 


Measured  at  end-inspiration,  using  the 
square  waveform  followed  by  a  plateau 


Valid  only  for  a  controlled  breath.  Patient 
assist  most  likely  invalidates  measurement. 


Measured  after  exhalation  from  any  mandatory  breath      Valid  only  for  a  controlled  breath.  Patient 
(volume-  or  pressure-based)  ending  with  a  valid  assist  most  likely  invalidates  measurement.  Idea 

plateau  ly.  algorithm  should  provide  for  measurement  of 

and  correction  for  PEEP,. 


Dynamic  resistance,  Rdyn. 
and  dynamic  compliance, 

Cdvn 

P0.1  orPioo 


NIP,  P, 


Vital  capacity,  Vc 


Simultaneously  measured  during  any  mandatory 
inspiration  (volume-  or  pressure-based) 


Value  of  airway  pressure  measured  after  an 
inspiratory  effort  lasting   100  ms 


Maximal  value  of  patient's  negative  inspiratory 
pressure,  measured  with  occluded  patient  circuit 


Maximal,  consciously  generated  exhaled  volume 


Valid  only  for  a  controlled  breath.  Patient 
assist  invalidates  measurement.  Not  invalidated 
by  PEEP,. 

Ventilator's  pneumatic  system  must  remain  closed 
for  first  100  ms  or  measurement  is  invalid. 
Patient  must  remain  unaware  of  measurement. 

Measurement  requires  conscious  patient  effort 
of  10  to  30  s  of  occluded  chemoreceptor  drive.  No 
consensus  whether  expiratory  valve  is  to  remain 
open  or  closed.74 

Requires  patient  cooperation,  not  a  "forced" 
maneuver. 


Intrinsic  PEEP  (PEEP,) 


Peak  inspiratory  flow 


Pressure  in  alveoli  at  transition  from  exhalation 
to  inspiration 


Maximal  value  of  smoothed  inspiratory  flow 


Requires  perturbation  of  patient's  breathing 
pattern.  Generally  measured  by  an  expiratory 
pause  begun  at  the  moment  of  "transition." 
Measurement  invalid  if  patient  contracts 
expiratory  or  inspiratory  muscles. 

Easy  to  measure,  but  highly  influenced  by 
selection  of  PSV. 


Mean  spontaneous 
inspiratory  flow 

ti/ttol 

f/Vr.  where  f  = 
spontaneous  rate  in 
breaths/min  and  VT  in  L 


Mean  value  of  flow  measured  during 
spontaneous  inspiration 

Inspiratory  time  expressed  as  a  weaning  indicator74 

Value  proposed  as  a  weaning  indicator74 


Easiest  to  compute  from  VT/t,. 

Easily  computed. 
Easily  computed. 


complex  corrections  are  readily  applied  to  data  as 
they  are  processed  by  algorithms  and  eventually 
become  useful  information. 

Because  microprocessor  control  implies  discrete 
or  discontinuous  manipulation  of  data  and  events 
(contrasted  to  continuous  control  in  an  analog  de- 
sign), even  the  most  irrelevant  minutiae  are  avail- 
able for  capture,  processing,  and  display.  In  a  mi- 
croprocessor design,  conscious  decisions  must  be 


made  to  limit  the  amount  of  captured  data.  With  lax 
attention  to  detail,  a  system  as  complex  as  today's 
third-generation  ventilators  becomes  vulnerable  to 
the  'Christmas  tree'  effect — an  overwhelming 
abundance  of  data  and  lights. 

In  my  view,  the  sophistication  of  third- 
generation  ventilators  compares  with  the  so- 
phistication of  the  personal  computer  near  the  end 
of  the  1970s.  To  reiterate  a  statement  made  earlier 
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Time 


cL      B 


During  Inspiration 
attiPaw  =Pei  »PL 

During  Plateau 
at  t,  +p,  lung  volume  =  VL  +  &VL  Pp,>PL 

Fig.  19.  A  depiction  of  lung-ventilator  interaction  during  a 
maneuver  designed  to  measure  static  airways  resistance 
(Rstatic).  This  maneuver  yields  a  point  measurement,  ie, 
Rstatic  represents  an  estimate  at  end-inspiration.  At  T0,  the 
ventilator  begins  a  machine-triggered  (not  patient- 
triggered),  square-flow  waveform  (Panel  A).  During  de- 
livery of  the  breath  (V  =  constant),  a  'constant'  AP  de- 
velops across  all  airways.  The  dashed  line  rising  in  par- 
allel with  the  airway  pressure  trace  illustrates  the  P-T 
profile  in  the  'lung.'  The  difference  between  lung  and  air- 
way (patient  circuit)  pressure  (APr)  is  proportional  to  Rstatic. 
At  t,,  breath  delivery  ends  and  a  plateau  begins.  When 
the  plateau  ends,  the  pressures  in  the  lung  and  patient 
circuit  equilibrate  at  Ppiateau-  Also,  during  breath  delivery 
the  complete  patient  circuit  'charges,'  acquiring  a  finite 
volume  increase  due  to  Pend-inspiration  (Panel  B).  As  the  pla- 
teau proceeds,  some  of  this  accumulated  volume  empties 


into  the  lung,  driven  by  Pend-inspiration  (Panel  C).  At  end- 
plateau,  the  volume  lost  by  the  patient  circuit  is  given  by 
8  Vc  =  (Pend-inspiration  -  Ppiateau)  Cc,  and  for  the  lung,  the 
volume  gained  equals  8  VL  =  (Pp,  -  Piung)  CL.  But  8  Vc  =  8 
VL,  and  after  rearrangement, 


Cc 


+  1 


CL 


^c 

CL 


This  result  shows  that  P|Ung  *  Ppiateau,  as  generally  as- 
sumed. For  the  sake  of  interest  it  might  be  well  to  ask 
about  the  error  propagated  to  the  estimate  of  R.  Knowing 
the  true  value  of  R, 


V 
versus  the  estimated  value  of  R 


end-inspiration       'plateau 


V 
we  can  solve  for  the  percent  error  in  Restated: 

Htrue  —  ^estimated 

x  100. 


%  error  = 

Rtrue 

After  substitution  and  rearranging, 

1 
%  error  = 


CL/Cc  +  1 


As  an  example,  assume  typical  values  for  an  adult:  let  Cc 
=  2  mL/cm  H20  and  CL  =  30  mL/cm  H20: 

error  in  R  =  6%. 

For  a  small  pediatric  patient  attached  to  an  adult  patient 
circuit,  assume  Cc  =  3  mL/cm  H20  and  CL  =  12  mL/cm 
HzO: 

error  in  R  =  20%. 

This  example  illustrates  that  the  solutions  to  errors  too 
cumbersome  to  be  taken  into  account  during  bedside 
calculations  are  easily  designed  into  algorithms. 


in  this  paper,  the  practitioner  appears  willing  to  ac- 
cept sophistication  veiled  in  the  guise  of  simplicity. 
The  bridge  between  the  seemingly  incompatible 
notions  of  sophistication  and  simplicity  is  software. 
However,  before  the  logical  and  complex  tasks  can 
be  relegated  to  software,  multidisciplinary  design 
teams  must  develop  and  validate  fail-safe  algor- 
ithms. My  sense  of  the  field  of  ventilator  design 


suggests  that  this  effort  has  begun,75"81  but  the  fruits 
of  the  current  efforts  will  not  be  realized  for  several 
more  years.  Isolated  breakthroughs  could  appear  at 
any  time,  most  certainly,  but  a  full  Lotus  1-2-3 
equivalent  is  not  yet  a  reality. 

Continuing  in  a  similar  vein,  advanced  micro- 
processor designs  have  the  capacity  to  provide  a 
much  greater  umbrella  of  logic-checking  than  that 
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offered  on  current  third-generation  ventilators.  As  a 
simple  example,  consider  the  I:E  logic  in  Puritan- 
Bennett's  7200.  The  software  engineers  began  with 
the  requirement  that  mandatory,  volume-based  ven- 
tilation be  disallowed  if  combinations  of  peak  in- 
spiratory flow,  tidal  volume,  flow  waveform  (all  of 
which  specify  t,),  and  respiratory  rate  (which  spec- 
ifies'the  breath  interval,  t,ol)  cause  the  I:E  to  exceed 
3:1.  When  this  simple  algorithm  is  embedded  in  the 
umbrella  software  that  monitors  all  keyboard  en- 
tries, each  new  value  of  t,  or  tu„  gets  checked  for: 

New  ti  >  75%  twl  ? 

If  No,  accept  new  selection.  If  Yes,  reject  new  selection 
and  (cryptically)  suggest  solution  to  avoid  rejection, 
knowing  which  parameter  invoked  the  rejection. 

It  appears  reasonable  to  suggest  that  more  broad- 
ly applicable,  logic-checking,  umbrella  algorithms 
of  the  type  alluded  to  above  could  succeed  if  the 
ventilator  were  informed  of  relevant  patient  data. 
Such  data  might  include  patient  type  (neonate,  pe- 
diatric, adult),  ideal  body  weight,  description  of  ar- 
tificial airway  (size  and  type),  and  possibly  disease 
classification.  Leaving  aside  disease  classification, 
identification  of  the  other  three  data  would  enable 
software  to  set  safe  boundaries,  ventilator  settings, 
and  emergency  ventilation — and  to  optimize  the 
parameters  that  specify  the  quality  of  flow  and 
pressure  delivered  to  the  patient.  Unknown  at  this 
time  is  the  receptiveness  of  the  respiratory  care 
community  to  such  ideas.  Umbrella  algorithms 
similar  to  those  just  identified  would  bear  some 
cost.  At  issue,  then,  is  the  practitioner's  perception 
of  such  algorithms.  Ideas  and  their  utility  represent 
different  issues.  If  umbrella  algorithms  establish 
credibility,  they  could  become  standard  in  all  so- 
phisticated ventilators  of  the  future. 

Processing  Data  for  Distribution  Outside 
of  the  Ventilator 

Most  third-generation,  microprocessor-based 
ventilators  (and  the  analog-based  Siemens  900C) 
provide  a  digital-data  transmission  link  to  extra- 
ventilator  devices,  such  as  remote  PCs  and  mon- 
itors. Whereas  this  feature  has  generally  been  well 
received  by  the  respiratory-care  community,  the 
lack  of  continuity  across  the  transmission  protocols 


adopted  by  different  manufacturers  has  limited  in- 
stallation to  a  few  sites  that  have  the  resources  to 
write  specialized  send,  receive,  format,  and  display 
software.64  Using  their  unique  and  proprietary  soft- 
ware, the  Siemens  900C  and  900  Servo  Computer 
Module  are  able  to  communicate  with  Siemens 
monitors.  In  1989,  SpaceLabs  provided  an  interface 
module  that  linked  their  PC  monitor  with  the  Pu- 
ritan-Bennett 7200a,  and  in  1991  Hewlett  Packard 
released  a  similar  module  that  allowed  their  Com- 
ponent Monitoring  System  (CMS)  to  link  with  a 
7200a  or  a  900C.  Manufacturers  of  other  monitors 
plan  to  introduce  proprietary  interface  modules 
linking  their  devices  to  specific  ventilators.  As  yet, 
however,  no  commitment  exists  to  link  all  monitors 
with  all  ventilators.  With  continued  efforts  by  the 
Federal  Government  and  third-party  payers  to  con- 
strain medical  costs,  manufacturers  will  come  un- 
der increasing  pressure  to  standardize  on  universal 
communication  protocols.  An  example  is  the  med- 
ical information  bus  (MIB)  proposed  by  IEEE.69 
While  acceptance  of  this  protocol,  or  for  that  mat- 
ter, any  other  protocol,  still  suffers  from  a  lack  of 
universal  commitment,  such  an  expectation  seems 
reasonable. 

Data-communication  protocols  of  the  type  envi- 
sioned here  are  well  handled  by  microprocessor- 
based  hardware.  Once  the  issues  of  protocol  design 
are  resolved,  medical  devices  and  receiving  sta- 
tions (monitors)  would  communicate  over  specially 
designed  networks.  The  situation  would  be  much 
the  same  as  with  LANs  (local  area  networks)  in  the 
PC  environment.  A  working  prototype  of  the  MIB 
network  operates  continuously  at  LDS  Hospital. 
Salt  Lake  City,  Utah,  under  the  direction  of  Dr 
Reed  Gardner  and  his  colleagues.69  Monitors  at 
each  bedside,  in  central  stations,  and  in  other  spe- 
cific locations,  can  display  the  data  from  any  de- 
vice actively  connected  to  the  MIB.  For  a  more  in- 
depth  understanding  of  a  real-time,  respiratory 
monitoring  workstation,  the  interested  reader  is  di- 
rected to  two  just-published  (1992)  references  from 
the  laboratory  of  Prakash  in  the  Netherlands.82,83 

Associated  Issues 

Systems  Management 

Before  concluding  this  paper  with  a  discussion 
of  such  ancillary  ventilator  features  as  service  and 
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automatic  testing,  I  wish  to  devote  some  time  to  a 
highly  important  and  sometimes  emotional  issue. 
This  topic  bears  many  seemingly  incompatible 
names:  closed-loop  control,  protocol  medicine,  de- 
cision advice,  artificial  intelligence.  To  one  degree 
or  another,  all  of  these  concepts  have  one  aim,  that 
of  reducing  some  element  of  human  decision  mak- 
ing and  replacing  it  with  an  algorithm.  Because  in 
medicine  the  paths  from  disease,  to  cause,  to  effect, 
to  remedy,  to  recovery,  eventually  become  iden- 
tified— usually  by  applying  the  experimental  meth- 
od— the  individual  steps  can  be  organized  into  an 
algorithm.  Much  of  the  natural  world  in  which  we 
humans  find  ourselves  can  be  reduced  to  al- 
gorithms. This  is  true  for  baking  a  cake,  flying  an 
airplane,  playing  chess,84  or  recovering  from  ill- 
ness. 

The  essence  of  algorithmic  control  is  quan- 
titative information.  Algorithms  define  how  a  sys- 
tem or  function  behaves.  Thus,  to  effect  control, 
one  must  specify  at  least  two  pieces  of  information: 
the  desired  behavior  and  the  current  behavior.  In 
the  case  of  a  patient-ventilator  system,  current  in- 
formation is  supplied  by  sensors.  Identification  of 
the  current  state  allows  the  control  algorithm  to  act 
on  the  system  to  achieve  the  desired  behavior. 
Complex  systems  simply  require  more  knowledge 
about  the  current  behavior,  supplied  by  more  sen- 
sors, and  more  complex  algorithms  with  which  to 
achieve  the  desired  control. 

What  evokes  emotion  regarding  algorithmic 
control  is  the  degree  to  which  human  decisions  are 
replaced  by  machine  decisions.  More  than  this  sim- 
plistic statement  underlies  the  issue  of  machine 
control,  however.  Consider,  as  an  example,  modern 
military  aircraft.  Without  actually  controlling  the 
directional  surfaces  of  these  complex  jet-powered 
fighters,  military  fighter  pilots  routinely  fly  these 
aircraft  as  if  they  were  in  control.  Depending  on 
one's  view  of  the  situation,  the  pilots  do  and  do  not 
control  their  aircraft.  The  pilot  manipulates  the  con- 
trol stick  and  the  resultant  forces  are  sensed  by  a 
computer-based,  flight-control  system.85"87  The  di- 
rectional surfaces,  then,  are  positioned  by  feed- 
back-controlled hydraulic  actuators  under  the  com- 
mand of  the  computer-based  flight  system.  Who  or 
what  controls  the  airplane  depends  on  the  position 
taken  by  the  observer.  The  pilot  determines  what 
he  wants  the  plane  to  do  by  exerting  pressure  on 


the  control  stick,  but  all  subsequent  action  is  the  re- 
sult of  a  computer-based,  flight-control  system  run 
by  a  'smart'  algorithm.  Taking  this  example  one 
step  further,  the  reader  will  soon  learn  that  the  con- 
trol of  these  sophisticated,  complex  aircraft  ex- 
ceeds the  capabilities  of  the  pilot.  Without  the  com- 
puter, the  plane  could  not  be  flown  at  its  maximum 
level  of  performance. 

Before  leaving  the  example  of  smart  aircraft,  I 
wish  to  challenge  the  reader  with  a  few  more 
thoughts.  The  motion  picture  "Top  Gun"  may  be  of 
help  here.  Remember,  all  Navy  pilots  complete  the 
standard  flight-school  program,  which  includes  ac- 
ademic courses  along  with  a  great  deal  of  skills 
training.  Once  in  a  squadron,  pilots  experience 
some  additional  course  work  but  mainly  increased 
skills  training.  "Top  Gun"  emphasized  the  extreme 
need  for  the  perfection  of  those  skills  that  could 
spell  the  difference  between  survival  and  non- 
survival. The  pilots  were  not  the  least  concerned 
about  the  type  of  control  system  in  their  aircraft.  It 
was  a  given  that  sophisticated  aircraft  require  so- 
phisticated flight-control  systems.  The  pilots  also 
knew  that  without  their  skills,  the  stated  mission  of 
the  aircraft  would  cease  to  exist.  (Note  the  implied 
contrast  here  between  the  mission  of  piloted  air- 
craft and  pilotless  aircraft.  The  Cruise  missile  flies 
entirely  by  computer — no  pilot — but  it  has  only 
one  mission:  fly  undetected  to  the  target  site.  It  also 
does  not  return.)  The  important  point  regarding 
smart,  piloted  aircraft  is  that  the  pilot  and  the  plane 
operate  harmoniously  to  complete  complex  mis- 
sions too  unpredictable  to  be  programmed  in  ad- 
vance. 

Whether  there  exists  a  parallel  between  the  mis- 
sions of  fighter  pilots  and  clinicians  and  between 
smart  aircraft  and  smart  medical  devices  remains  to 
be  decided  at  some  future  date.  It  does  appear  from 
the  literature53"58  that  the  topic  of  smart  medical  de- 
vices operating  under  the  control — advisory  or  di- 
rect— of  intelligent  algorithms  receives  ever-grow- 
ing attention.  When  interest  runs  this  high,  the 
question  is  no  longer  whether  an  idea  will  become 
a  reality,  but  when  and  in  what  form. 

The  Upgradable  Ventilator 

Until  relatively  recently,  product  development 
followed  a  common  theme.  Each  variation  of  a 
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product  appeared  as  a  different  model.  This  was 
true  regardless  of  the  type  of  device:  consumer 
product,  commercial  tool,  or  medical  device.  If  a 
customer  wanted  to  purchase  an  optional  configura- 
tion of  a  model,  the  order  was  specified  on  the  pur- 
chase contract.  In  some  instances  a  product  could 
be  returned  to  the  manufacturer  for  the  installation 
of  additional  features.  In  my  experience,  the  annual 
introduction  of  new-model  automobiles  epitomizes 
the  one-model,  one-configuration  concept. 

Although  open  to  speculation,  it  may  be  more 
than  coincidence  that  the  market  leader  in  the  Unit- 
ed States  is  the  Puritan-Bennett  7200  Series  micro- 
processor ventilator,8*  an  upgradable  product.  Sev- 
eral factors  may  bear  on  this  issue.  First, 
microprocessor  control  opened  the  way  for  the  on- 
site  addition  of  customer-ordered  features.  Second, 
the  size  of  the  ventilator  market  (approximately 
4,600  pediatric-adult  ICU  ventilators  sold  in  1991 
in  the  USA)88  limits  the  economies  of  scale  that 
any  one  manufacturer  can  bring  to  bear  on  the  pro- 
duction process.  By  building  a  subsystem  core — 
for  example,  pneumatic,  electrical,  and  electronic 
systems,  and  software — one  may  somewhat  mit- 
igate this  dilemma.  Packaging  the  ventilator's  core 
with  different  external  modules  allows  the  man- 
ufacturer to  offer  unique  models,  each  perhaps  con- 
figurable by  specific,  easily  added  software  op- 
tions. Puritan-Bennett  achieved  considerable  suc- 
cess employing  the  concept  of  upgradability,  and 
newer  offerings  like  the  Infrasonics  Adult  Star  also 
appear  well  designed  to  take  advantage  of  up- 
gradability. In  the  fast-paced  medical  marketplace, 
upgradability  allows  a  microprocessor-based  prod- 
uct to  live  a  longer  productive  life  through  en- 
hancement and  new  features  added  on-site  via  con- 
stantly revised  software. 

Education  and  Training 

Respiratory  care  training  programs  are  rarely 
able  to  train  their  students  on  the  most  up-to-date 
ventilators.  As  federal  allocations  for  health  care 
diminish,  fewer  medical  centers  are  able  to  main- 
tain the  position  of  education  coordinator.  My  ex- 
perience indicates  that  as  these  positions  become 
scarcer,  medical  and  technical  directors  of  res- 
piratory care  will  look  to  the  ventilator  manufactur- 
ers for  increased  training  and  training  materials. 


Given  that  most  new-generation  ventilators  op- 
erate under  microprocessor  control,  no  technical 
impediment  prevents  these  devices  from  operating 
in  a  training  configuration.  The  monitor  man- 
ufactured by  SpaceLabs  operates  in  a  PC  mode,  al- 
lowing an  operator  to  connect  a  keyboard  and  to 
write/run  programs  to  and  from  an  internal  floppy 
disk.68  If  ventilators  could  communicate  with  PCs, 
or  if  they  contained  an  internal  PC  function  like  the 
SpaceLabs  monitor,  they  could  operate  in  a  training 
mode.  Along  with  the  release  of  new  software  en- 
hancements and  options,  manufacturers  could  re- 
lease new  educational  software.  Depending  on  the 
size  of  a  respiratory  care  department  and  the  num- 
ber of  ventilators  purchased  from  a  given  man- 
ufacturer, a  limited  number  of  educational  stations 
could  be  equipped.  In  combination  with  the  newest 
laser-disk  technology  (for  example.  Data  Star  Ed- 
ucation Systems  and  Services  Inc.  Edmonton,  Al- 
berta. Canada),  training  sessions  could  provide  out- 
standingly realistic  learning  situations. 

Safety,  Service,  and  Preventive  Maintenance 

Microprocessor-based  designs  have  forever 
changed  the  way  customers  and  manufacturers 
view  safety,  service,  and  preventive-maintenance 
functions.  Each  time  a  ventilator  is  turned  on,  so- 
phisticated algorithms  check  the  operational  readi- 
ness of  the  entire  electrical,  electronic,  and  soft- 
ware subsystems  in  a  few  to  several  seconds.  With 
the  patient  off  the  ventilator  and  with  some  oper- 
ator interaction,  elaborate  and  thorough  algorithms 
direct,  in  a  matter  of  a  couple  to  a  few  minutes, 
one,  two,  or  possibly  three  levels  of  pneumatic  and 
operational  verification  tests  that  previously  would 
have  required  many  tens  of  minutes  to  hours  to 
complete.  Error  codes  or  word  statements  immedi- 
ately flag  failed  subsystems  and,  in  many  cases,  the 
responsible  component(s).  Once  ventilation  begins, 
logic  and  consistency-checking  constantly  monitor 
for  improper  function.  Error  detection  can  cause 
one  of  two  responses:  a  brief  shutdown  lasting  but 
seconds  while  software  attempts  a  restart,  or — if 
the  error  falls  under  the  critical  definition — 
software  invokes  a  separate  backup-ventilation 
function.  This  emergency  ventilation  could  take 
more  than  one  form.  For  example,  backup  ventila- 
tion on  Puritan-Bennett's  current  7200  ventilator  is 
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conducted  by  an  analog  circuit  separate  from  the 
microprocessor.  Ventilators  having  two  or  more 
primary  microprocessors  and  paired  gas-delivery 
valves  (as  found  in  the  Drager  IRISA  and  Infra- 
sonics  Adult  Star)  could  invoke  a  form  of  emer- 
gency ventilation  that  would  maintain  the  current 
settings  with,  at  worst,  a  switch  to  either  100%  air 
or  100%  oxygen,  given  that  the  failure  involved  the 
loss  of  only  one  critical  component  (eg,  a  single 
flow-sensor,  gas-delivery  valve,  pressure  trans- 
ducer, or  microprocessor).  With  the  FDA's  (Food 
and  Drug  Administration's)  current  interest  in  soft- 
ware safety,89  redundancy  and  operational  mon- 
itoring may  become  more  regulated  and  less  the 
choice  of  each  manufacturer. 

The  litigious  character  of  American  society  has 
caused  the  medical  profession  to  become  acutely 
aware  of  quality  control.  Designing  a  life-support 
device — a  ventilator,  for  example — around  a  mi- 
croprocessor enables  the  quality-control  function  to 
acquire  new  dimensions.  Invoking  the  ventilator's 
internal,  software-directed,  self-test  routines  mark- 
edly shortens  the  time  required  to  perform  opera- 
tional verification  procedures,  while  thoroughness 
increases.  Although  self-testing  concepts  have  be- 
come more  sophisticated  since  their  introduction  in 
the  first  microprocessor-controlled  ventilators,  con- 
siderable room  for  improvement  remains. 

The  issue  to  be  resolved,  perhaps,  pertains  to 
complexity.  Without  calibrated  internal  standards 
(eg,  a  voltmeter  and  a  calibrated  pneumatic  test  in- 
strument) to  monitor  key  signals  and  operational 
performance,  internal  self-test  routines  monitor 
only  consistency,  not  accuracy.  The  low  cost  of 
powerful  personal  computers  may  provide  a  solu- 
tion to  the  problem  of  affordable  quality  assurance 
for  ventilators.  Such  computer  systems  are  widely 
used  in  many  biomedical  departments  today.90 
Ventilator  manufacturers  could  supply  software 
programs  for  each  unique  product.  When  a  given 
ventilator  was  connected  to  the  PC  via  a  special 
cable,  software  would  read  the  specifications  ap- 
propriate for  the  ventilator  under  test.  With  a  pneu- 
matic test  instrument  also  connected  to  the  PC, 
software,  aided  by  the  biomedical  person,  would 
sequentially  test  every  facet  of  the  ventilator.  Such 
test  programs  are  routinely  used  by  manufacturers 
of  computer-based  equipment  for  intermediate  and 
final  test,  but  in  this  special  case  the  manufacturer 


exercises  total  control  over  all  facets  of  design  and 
test,  including  training  of  personnel  and  selection 
of  test  equipment.  With  many  institutions  of  dif- 
fering size,  complexity,  and  sophistication,  stan- 
dardization may  be  more  difficult  to  achieve.  The 
American  Association  for  Medical  Instrumention 
(AAMI)  appears  well  aware  of  these  issues,  and  it 
seems  reasonable  to  suggest  that  time  and  coop- 
eration between  the  medical  community  and  man- 
ufacturers will  elevate  the  quality-control  function 
to  the  level  necessary  to  ensure  timely  and  cost- 
effective  solutions. 

Service  and  preventive  maintenance,  whether 
performed  by  factory  representatives  or  by  factory- 
trained  biomedical  personnel,  bear  many  similar- 
ities to  the  quality-control  function.  Logically, 
these  two  activities  are  extensions  of  a  quality- 
control  program.  If  newer-generation,  micropro- 
cessor-controlled ventilators  were  fitted  with  disk 
drives  or  their  equivalent,  as  mentioned  earlier, 
special  service-related  software  might  be  run  in  the 
expectation  of  obtaining  greater  detail  about  prob- 
lems discovered  during  normal  operation.  Given  a 
sufficiently  powerful  software  program  internal  to 
the  ventilator,  either  resident  in  discrete  memory 
chips  or  downloaded  from  the  internal  disk  drive 
(possibly  including  an  attachable  keyboard,  thereby 
turning  the  ventilator  into  a  personal  computer),  a 
special  modem  link  to  a  factory-service  computer 
seems  to  offer  little  improvement  over  the  on-site, 
computer-based  system.  What  does  appear  rea- 
sonable is  the  application  of  more  sophisticated  and 
thorough,  on-site,  computer-based,  quality-control 
procedures.  Such  system  improvements  will  most 
likely  enable  manufacturers  to  offer  longer  and/or 
optionally  configured  warranty  periods.  The  5-year 
warranty  introduced  by  Puritan-Bennett  in  1990 
and  now  offered  by  most  other  ventilator  man- 
ufacturers serves,  perhaps,  as  an  example  of  such  a 
system  improvement. 

Preventive  maintenance  today  represents  a  rel- 
atively benign  activity.  Typically,  the  biomedical 
person  checks  the  hour  meter  of  a  ventilator  to  de- 
termine whether  it  is  time  to  perform  the  factory- 
specified  maintenance.  This  determination  could 
easily  be  monitored  by  software,  yielding  an  hours- 
to-maintenance  report  with  every  initiation  of  an 
extended  self-test  or  service  requirement. 
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In  Conclusion 

I  accepted  the  assignment  to  write  this  paper  be- 
cause it  provided  an  opportunity  to  address  the  res- 
piratory care  community  about  a  topic  of  im- 
portance to  both  clinicians  and  manufacturers. 
However,  before  further  comment,  some  clarifying 
statements  are  in  order.  First,  the  ideas  and  ob- 
servations expressed  here  do  not  necessarily  repre- 
sent the  official  position  of  my  employer,  the  Pu- 
ritan-Bennett Corporation.  Instead,  this  article  is 
the  result  of  the  myriad  experiences  to  which  I 
have  been  a  party  while  experimenting,  reading, 
writing,  lecturing,  conversing,  being  a  member  of 
design  teams,  and  just  plain  thinking  and  dreaming. 
Second,  I  have  attempted  to  present  a  balanced 
view,  primarily  from  the  positions  of  science  and 
technology,  clinical  need,  and  manufacturing  fea- 
sibility. The  clinical  community  hears  much  from 
its  own  members  but  considerably  less  from  its 
manufacturing  partners.  I  have  spoken  about  this 
partnership  before  in  lectures  and  in  talks.  It  is  a 
subject  about  which  overstatement  rather  than  un- 
derstatement is  preferable.  Simply  stated,  with  the 
high  cost  of  product  development,  manufacturers 
can  little  afford  to  waste  their  time  and  capital  pur- 
suing unrealistic  products.  Only  when  manufactur- 
ers and  the  medical  communities  they  serve  be- 
come partners  will  needed  products  be  developed 
and  sold  at  a  fair  price.  And  third,  I  have  assidu- 
ously avoided  comparing  specific  products.  To  the 
contrary,  I  have  attempted  to  focus  on  ideas  and  is- 
sues rather  than  on  solutions. 

Microprocessor  technology  has  captured  the 
imagination  of  many  of  us,  and  we  frequently  see 
articles  speculating  about  the  ultimate  or  perfect 
product.  With  the  sophistication  of  today's  tech- 
nology, reinforced  by  visual  and  perhaps  personal 
experience,  the  'do-everything'  product  appears  ev- 
ermore a  reality  instead  of  a  fantasy.  I  touched  on 
some  of  the  relevant  issues  in  this  area  with  my  dis- 
cussion of  closed-loop  ventilation.  And  because  I 
have  heard  the  comparison  of  smart  ventilators  and 
smart  airplanes  mentioned  in  lectures,  talks,  dis- 
cussions, and  journals,  it  seemed  instructive  to  in- 
dulge again  in  this  comparison.  There  is  no  doubt 
that  ventilators,  like  a  plethora  of  other  medical  and 
nonmedical  products,  can  become  and  are  be- 
coming smarter.  The  issue  that  begs  for  attention 


and  resolution  is  one  of  operator  education.  By 
whom  and  how  will  operation  occur?  Modern  air- 
craft can  get  smarter  because  the  pilots  believe  in 
their  aircraft  and  will  acquire  the  skills  necessary  to 
operate  them.  No  pilot  ever  walks  out  to  a  new  air- 
craft with  manual  in  hand  and  proceeds  to  fly  it 
without  hours  and  hours  of  training.  Even  with  lav- 
ish attention  to  ease  of  operation,  no  new  third- 
generation  ventilator  can  or  should  be  operated 
without  some  minimal  level  of  training.  Ven- 
tilators, like  airplanes,  do  become  more  sophisticat- 
ed with  time.  Someone  who  has  marginal  skills 
with  an  older-generation  ventilator  will  most  likely 
feel  overwhelmed  by  the  operation  of  a  new,  third- 
generation  device.  This  reaction  resides  at  the  very 
core  of  our  humanness. 

One  of  the  most  urgent  requirements  expressed 
by  the  respiratory  care  community  is  the  need  for 
training.  No  ventilator  manufacturer  or  medical  in- 
stitution has  fully  satisfied  this  deficiency.  A  recent 
demonstration  of  the  Data  Star  product  in  Chicago 
as  part  of  the  1992  meeting  of  the  American  Col- 
lege of  Chest  Physicians  was  most  impressive.  This 
and  other  similar  learning  concepts  must  play  a 
stronger  role  sooner  rather  than  later.  If  man- 
ufacturers teamed  up  with  companies  like  Data  Star 
and  designed  their  ventilators  to  function  sec- 
ondarily as  learning  tools,  training  would  acquire 
the  dimensions  of  the  flight  simulator,  which  has 
been  so  successful  for  pilots.  The  benefits  could  be 
worth  the  cost. 

In  this  article  I  have  said  little  about  the  dis- 
advantages that  might  be  ascribed  to  micropro- 
cessor-controlled ventilators.  This  view  most  likely 
stems  from  my  training  (in  my  earlier  life  I  was  a 
Marine  jet  fighter  pilot).  Taking  a  long  view,  I  can 
argue  that  humans  exhibit  an  enormous  capacity  to 
exploit  their  environment  to  multiply  and  amplify 
their  abilities.  Humans,  for  better  or  worse,  are  tool 
makers.  By  harnessing  the  power  of  leverage,  the 
inclined  plane,  the  winch,  animals,  water,  oil,  com- 
bustion, electricity,  light,  tides,  wind,  and  the  like, 
humankind  have  discovered  countless  strategies  to 
satisfy  their  needs  and  wants.  It  is  not  so  much  the 
microprocessor  itself,  which  traces  its  origins  to 
solid  state  physics,  that  should  be  focus  of  concern, 
but  software.  Each  new  technology  requires  tam- 
ing. The  FDA  has  correctly  identified  software  as 
the  issue  to  be  understood.  The  solutions  to  bad 
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software  design  focus  on  management,  design  strat- 
egy and  review,  controlled  qualification  and  valida- 
tion, and  redundancy.  The  issue  is  not  whether  de- 
vices should  be  analog-based  rather  than  digitally 
based,  but  how  to  ensure  that  microprocessor- 
based,  digital  designs  operate  as  intended.  A  pen- 
etrating look  at  firms  that  rely  on  digital  design  and 
software  technology  for  their  products  reveals  in- 
tense involvement  in  programs  aimed  at  ensuring 
the  highest  level  of  safety  and  quality. 

And  so,  in  conclusion,  I  hope  that  I  have  left 
readers  with  new  knowledge  or  perhaps  sharper  in- 
sights than  they  had  before  reading  this  paper. 
Some  of  the  ideas  reviewed  here  appear  in  pre- 
liminary forms  today.  Others  will  require  years  of 
investigation  before  they  come  to  fruition.  Others 
will  be  abandoned,  and  some  will  undergo  marked 
transformation  by  the  time  that  you  finally  see 
them.  Remember,  what  you  want  and  need  will  be 
the  result  of  a  partnership  relationship,  the  rules  of 
which  are  only  dimly  perceived  today.  With  vision 
and  cooperation,  tomorrow  will  bring  products 
with  new  solutions  along  with  genuine  and  lasting 
improvements. 
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Introduction 

A  ventilator  is  one  of  the  most  complex  pieces 
of  equipment  in  the  intensive  care  unit,  and  can 
have  a  bewildering  array  of  control  knobs  and  dis- 
plays. It  can  be  'told'  to  deliver  almost  any  pattern 
of  flow  and  pressure  at  any  rate  and  with  any  tim- 
ing! In  spite  of  all  this  technology,  mechanical  ven- 
tilation is  often  not  very  well  understood  or  ap- 
plied. The  lack  of  safe  and  efficient  closed-loop 
controlled  ventilation  is  bold  evidence  of  this  con- 
tention. 

Most  ventilators  already  display  many  measured 
variables.  Unfortunately,  these  variables  are  often 
more  representative  of  the  machine  than  of  the  pa- 
tient. The  major  reason  is  that  sensors  for  flow  and 
pressure  are  located  inside  the  machine  and  not 
close  to  the  patient's  airway.  This  introduces  er- 
rors, especially  with  long  tubing,  humidifiers,  and 
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leaks.  Another  problem  is  that  C02  is  rarely  meas- 
ured and  if  its  measurement  is  available  it  is  not 
combined  with  flowsensor  output.  The  results  are 
often  so  poorly  presented  (or  sometimes  'not 
presented' — ie,  hidden  under  a  switch)  that  their 
availability  may  not  be  recognized  by  clinicians. 
Alarms  are  still  poorly  handled  in  the  state-of-the- 
art  ventilators.  Finally,  none  of  today's  ventilators 
makes  therapy  suggestions  on  the  basis  of  measure- 
ments made  (consultancy  mode). 

In  this  paper  we  address  computerized  lung- 
function  measurement  in  intubated,  mechanically 
ventilated  patients.  In  particular,  lung  function  in- 
dices, their  calculation,  and  their  potential  clinical 
use  are  described.  Other  very  important  aspects  of 
computerized  monitoring — such  as  sensor-artifact 
rejection,  data  display,  user  interfacing,  and  smart 
alarms — are  outside  the  scope  of  this  paper. 

The  hypothesis  is  that  if  pertinent  sensor  data  are 
combined  with  sound  physiologic  models,  mechan- 
ical ventilation  will  become  better  understood  and 
easier  to  manage.  Breath-hold  maneuvers  and  man- 
ual gas  sampling  will  become  obsolete  through  ap- 
plication of  mathematical  models,  better  sampling 
sites,  and  appropriate  sensors.  These  developments 
will  in  time  increase  the  reliability  and  clinical  use- 
fulness of  the  data  while  reducing  the  complexity 
of  the  sampling  procedure. 
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Physiology  of  Ventilation 

The  ultimate  goal  of  lung  ventilation  is  to  bring 
02  into  and  to  remove  CO:  from  the  cells  in  the  tis- 
sue. This  process  is  generally  termed  "gas  ex- 
change." However,  such  gas  exchange  takes  place 
over  several  stages  and  between  various  kinds  of 
tissues  (including  blood)  and  may  better  be  called 
"gas  exchanges."  Figure  1  conceptually  depicts  the 
various  stages. 

® 

p-    Pulmonary  Gas  Exchange 

Transpulmonory  Gas  Exchange 

Circulatory  Gas  Exchange 
Transcellular  Gas  Exchange 
Cellular  Gas  Exchange 


® 


Fig.  1.  Stages  of  gas  exchange.  Arrows  point  in  both  di- 
rections to  indicate  exchange  of  C02  and  02.  Point  A 
denotes  "atmosphere."  Point  B  denotes  "cell." 

In  mechanical  ventilation  of  passive  patients,  gas 
is  forced  into  the  lungs  by  excess  pressure  (positive 
pressure)  applied  to  the  airway  opening.  As  a  re- 
sult, intra-alveolar  and  intrapleural  pressures  rise 
during  inspiration.  (This  is  in  contrast  to  spontane- 
ous breathing  during  which  the  aforesaid  pressures 
fall  during  inspiration.)  Subsequent  exhalation  is 
passive  and  is  brought  about  by  the  recoil  forces  of 
lung,  diaphragm,  and  chest  wall.  The  pressure- 
flow-volume  relationship  is  governed  by  the  me- 
chanical properties  of  the  total  pulmonary  system. 
The  total  compliance  (CtoI),  the  total  resistance  to 
airflow  (Rtot).  and  the  alveolar  pressure  at  the  end 
of  exhalation  (intrinsic  PEEP,  or  PEEP,)  determine 
the  pressure-flow-volume  relationship.  While  the 
positive-pressure  excursions  cause  gas  to  flow  in 
and  out  of  the  lungs,  positive  pressure  has  a  neg- 
ative impact  on  lung  tissue  and  pulmonary  hemo- 
dynamics. The  clinical  goal,  therefore,  is  to  mini- 
mize the  pressure  excursions  while  maintaining 
lung  ventilation. 


Adequate  ventilation,  however,  is  still  no 
guarantee  of  adequate  gas  exchange.  Unless  the 
conducting  airways  are  washed  out  by  the  tidal  vol- 
ume, gas  exchange  will  be  ineffective.  It  is  there- 
fore essential  to  know  how  much  of  the  tidal  vol- 
ume is  wasted  in  the  conducting  airways.  This 
volume  is  sometimes  called  "series  dead  space" 
(VdS).' 

Although  under  certain  conditions,  Vjs  cor- 
relates well  with  the  anatomic  dead  space,  gener- 
ally, it  does  not.  Vds  can  be  larger  than  the  anatom- 
ic dead  space  if  the  alveoli  of  the  first  respiratory 
bronchioles  are  unperfused  (that  is,  such  alveoli  are 
functionally,  nonexistent  while  anatomically  they 
are  still  pre-sent).  Under  such  circumstances,  Vjs 
can  be  said  to  include  part  of  the  physiologic  dead 
space.  Vds  can  also  be  smaller  than  the  anatomic 
dead  space  if  emptying  of  the  lungs  is  asyn- 
chronous. As  a  result,  Vds  can  vary  grossly,  even  in 
a  given  patient,  depending  on  pathology  and  mode 
of  ventilation.  It  is  therefore  of  value  to  know  the 
Vds  in  each  patient  in  order  to  titrate  appropriate  ti- 
dal volumes  and  rates. 

The  gas  that  passes  the  series  dead  space  finally 
enters  the  alveolar  spaces  and  is  thus  called  gross 
alveolar  ventilation  (VgA).  Unfortunately,  passing 
the  series  dead  space  does  not  guarantee  adequate 
gas  exchange  either.  Theoretically,  all  ventilated  al- 
veoli could  be  unperfused  by  capillary  blood.  The 
result  would  be  mere  alveolar  dead-space  ventila- 
tion (VdA).  In  normal  lungs,  however,  only  about 
10%  of  the  alveolar  ventilation  enters  alveolar  dead 
spaces;  the  rest  is  effective  alveolar  ventilation 
(Va).  It  is  this  Va  that  actually  removes  the  C02 
from  the  lungs  and,  at  the  same  time,  moves  02 
into  the  lungs.  The  clinical  goal,  therefore,  is  to 
minimize  Vds  and  VdA  while  maintaining  Va- 

At  this  point  it  is  worthwhile  to  critically  review 
Ct01.  R101.  PEEP,.  Vds.  Via,  VgA.  and  VA.  These  ele- 
ments do  not  exist  in  reality,  and  anyone  who  asks 
a  pathologist  to  show  him  a  preparation  of  an  al- 
veolar dead  space  will  remain  unrewarded.  There 
are  millions  of  compliances,  resistances,  and  dead 
spaces — just  as  there  are  millions  of  alveolar  ducts 
and  alveolar  sacs.  This  reality  is  not  easy  to 
comprehend,  much  less  to  measure.  The  repre- 
sentation of  such  a  complex  system  by  a  few  num- 
bers (lung  function  indices)  is  thus  a  necessary  sim- 
plification of  reality. 
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This  "lumped  parameter"  approach  is  compar- 
able to  statistical  methods  whereby  a  population 
can  be  described  by  its  mean  and  standard  de- 
viation (normal  distribution  assumed).  In  contrast 
to  simple  statistics,  however,  the  lung  function  in- 
dices are  "weighted  averages."  The  results  depend 
on  the  boundary  conditions  of  measurement.  For 
example,  a  hold  maneuver  alters  measured  com- 
pliance. The  maneuver  may  not  alter  compliance 
per  se,  but  instead  will  alter  its  apparent  value. 
Measurement  of  lung  function  indices  without  a 
special  maneuver,  therefore,  more  closely  repre- 
sents the  state  of  the  patient. 

Lung  Function  Indices 

This  section  describes  traditional  and  computer- 
ized methods  used  to  measure  pulmonary  function 
in  intubated  patients.  The  prerequisite  for  com- 
puterized methods  is  the  measurement  of  gas  flow 
(Vaw),  airway  pressure  (Paw),  and  C02  concentra- 
tion between  the  Y-piece  of  the  ventilator  and  the 
endotracheal  tube. 

Total  Pulmonary  Compliance  (Clot) 

Ctot  is  an  index  that  describes  the  compliance  of 
lung,  chest  wall,  and  diaphragm.  The  traditional 
way  to  assess  Ct0,  is  to  increase  Paw  in  steps  of 
APaw  and  to  measure  the  associated  volume  (AV) 
that  flows  into  the  lungs.  The  ratio  of  volume  and 
pressure  (Equation  1)  gives  the  value  of  Ct0,  at  each 
pressure  increase. 


C,o,   =VT/(Paw-EI-Paw-EE). 


[2] 


Cl,„(mL/cmH;0)  =  AV/APa 


[1] 


The  prerequisite  is  the  total  cessation  of  flow  be- 
fore and  after  each  step. 

Traditional  Estimation  of  Ctot.  Paralyzed  patients 
on  ventilators  are  ideal  for  this  kind  of  measure- 
ment because  their  breath  pattern  can  be  manipulat- 
ed in  a  number  of  ways.  The  maneuver  to  measure 
Ct0,  includes  an  end-inspiratory  airway  occlusion. 
This  function  is  readily  available  on  most  modern 
ventilators.  The  task,  then,  is  to  measure  end- 
inspiratory  Paw  (Paw-Ei).  end-expiratory  Paw  (Paw- 
ee),  and  the  tidal  volume  (V,).  Ct0,  is  reported  as 
mL/em  PLO  and  calculated  as 


The  crucial  steps  are  the  accurate  measurement 
of  Vt  and  complete  occlusion  at  both  end- 
inspiratory  and  end-expiratory  times.  Most  people, 
however,  measure  Vt  at  the  expiratory  outlet  of  the 
ventilator  and  do  not  apply  end-expiratory  occlu- 
sion. The  former  leads  to  an  overestimation  of  Vj 
and  Ctot  due  to  additional  volume  compressed  in 
the  ventilator  circuit  during  inspiration.  The  latter 
causes  underesti-mation  of  Paw-EE,  overestimation 
of  the  difference  (Paw-Ei-  Paw-EE),  and  therefore  un- 
derestimation of  CtoI  .2 

Computerized  Method  To  Measure  Cto(.  Wald  et 
al3  and  Uhl  and  Lewis4  have  described  a  method  to 
automatically  correct  the  errors  mentioned.  The 
proposed  method  requires  the  measurement  of  gas 
flow  and  pressure  directly  at  the  endotracheal  tube. 
It  is  based  on  Rohrer's  equation  and  takes  into  ac- 
count the  pressure  drop  over  flow-resistive  ele- 
ments (APnow)  and  pressure  buildup  on  compliance 
elements  (APvoiume)-  This  is  expressed  in  Equations 
3  and  4  and  explained  in  Figure  2  using  a  pneumat- 
ic model.5 


APaw  =  APnow  +  APvoiume. 
APaw  =  Riot  ■  Vaw  +  1/Ctof  V. 

with  V  as  the  integral  of  Vatt  over  time. 


[3] 


[4] 


y   .p., 


Fig.  2.  Simplified  schema  of  pressure-flow-volume  rela- 
tionship. An  obstructed  tubing  is  connected  to  a  water 
manometer  (hatched  area  is  water).  Resistance  causes 
pressure  drop  (APfiow)  in  presence  of  flow.  Compliance 
causes  'backpressure'  (APVOiume)  due  to  volume  dis- 
placement. Total  pressure  drop  (APaw)  is  the  sum  of 
APfiow  and  APvoiume  (Equation  3). 
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Equation  3  is  valid  for  every  point  in  time.  So  is 
Equation  4,  which  is  the  expansion  of  Equation  3. 
Theoretically,  only  two  sets  of  simultaneously  mea- 
sured values  of  Paw,  Vaw,  and  V  are  needed  to  solve 
Equation  4  for  R,ot  and  Clot.  In  practice,  however, 
the  Paw,  Vaw,  and  V  signals  are  noisy  and  would 
render  such  a  method  imprecise.  For  this  reason, 
data  are  collected  60  times  per  second,  which 
yields  a  large  number  of  equations  for  any  given 
breath.  The  mechanics  of  'distilling'  Clot  out  of  this 
series  of  equations  is  called  linear  least  squares  fit- 
ting and  was  originally  introduced  by  Gauss.  De- 
tails of  the  method,  including  all  formulas,  can  be 
found  elsewhere.'1  Note  that  in  Equations  3  and  4, 
the  system  is  thought  to  restore  itself  to  the  com- 
plete equilibrium  position  after  each  breath.  Excep- 
tions to  this  are  dealt  with  in  detail  later — in  the 
section  on  intrinsic  PEEP. 

Bertschmann  et  al7  compared  the  breath-hold 
method  with  the  computerized  technique  in  nor- 
mal-lung patients  and  in  patients  suffering  acute 
respiratory  insufficiency.  The  authors  also  in- 
vestigated the  influence  of  PEEP,  on  Cto,  measure- 
ment. They  concluded  that  both  methods  yield 
identical  results  as  long  as  the  prerequisites  of  total 
end-inspiratory  and  end-expiratory  occlusion  are 
fulfilled.  Jonson  et  al2  earlier  described  the  ar- 
tifactual  effects  of  high  end-expiratory  flow  when 
end-expiratory  occlusion  is  lacking. 

Discussion.  The  traditional  method  requires  end- 
inspiratory  arid  end-expiratory  periods  of  no  flow. 
The  mathematical  method  does  not  require  any 
hold  and  may  be  superior.  It  is  important  to  note 
that  both  the  traditional  approach  and  the  math- 
ematical method  assume  that  Ru„  and  Cto,  are  con- 
stant. This  assumption  may  be  invalid  in  ARDS  pa- 
tients at  very  high  or  very  low  airway  pressures. 
Under  those  circumstances,  the  mathematical  meth- 
od yields  a  mean  Clol,  averaged  over  the  entire  pres- 
sure range,  while  the  traditional  method  gives  only 
the  pressure-volume  relationship  at  the  end  of  in- 
spiration. There  is  evidence  that,  because  of  the  dif- 
ferent techniques,  the  mathematical  method  tends 
to  yield  lower  values  in  ARDS  patients  than  does 
the  traditional  method.7 

Clinical  Applications.  C,ot  was  measured  with  the 
mathematical  method  in  a  set  of  26  patients  with  no 


pulmonary  pathology  after  open  heart  surgery  and 
was,  on  average,  64  ±  12.5  mL/cm  H:0.  Clol  was 
slightly  affected  by  Vt  and  increased  with  in- 
creasing Vj.  This  effect  was  statistically  significant 
but  clinically  irrelevant.'1 

Ctot  can  be  reliably  measured  only  in  totally  pas- 
sive patients  with  no  respiratory  muscle  activity.  In 
spite  of  this  limitation,  Ctot  can  be  very  helpful  in 
tracking  the  time  course  of  a  disease  and  iden- 
tifying abnormal  conditions  during  mechanical 
ventilation.  C,ot  measurement  is  crucial  in  adjusting 
the  pressure  levels  and  I-E  ratios  during  pressure- 
controlled-ventilation  (PCV).  However,  too  little  is 
known  clinically  to  give  simple  guidelines.  On  the 
one  hand,  a  decreasing  C,0I  calls  for  high  airway 
and  high  intrapulmonary  pressures,  which  is  un- 
desirable because  it  may  increase  the  incidence  of 
barotrauma;  on  the  other  hand,  an  elevated  Ct0,  in- 
creases the  expiratory  time  constants,  resulting  in 
an  increased  mean  alveolar  pressure  from  dynamic 
hyperinflation  (PEEP,,  or  auto-PEEP).  The  tidal 
pressure  excursions  might  not  be  so  large  as  with 
the  low  Clol,  but  the  mean  alveolar  pressure  may  be 
much  higher  and  may  impair  pulmonary  blood 
flow.  It  is  thus  very  difficult  from  a  theoretical 
point  of  view  to  decide  what  C„„  is  best  for  a  given 
patient. 

CIot  measurement  is  theoretically  possible  only  in 
mechanically  ventilated  patients.  There  is  evidence, 
however,  that  by  using  increased  pressure-support 
values,  one  can  calculate  a  reasonable  estimate 
even  in  spontaneously  breathing  subjects. s 

Total  Resistance  to  Pulmonary  Gas  Flow  (Rtot) 

Rlot  determines  the  pressure  drop  (APn„w)  from 
the  airway  opening  to  the  alveolar  spaces,  with  re- 
spect to  flow.  This  means  that  the  APn,m  occurs 
only  as  long  as  gas  is  moving  in  or  out  of  the  lungs. 
When  gas  flow  ceases,  the  pressure  drop  becomes 
zero  (see  Equation  4).  This  effect  is  the  basis  for 
the  traditional  estimation  of  Ru„. 

Traditional  Estimation  of  R„„.  Again,  paralyzed 
patients  on  ventilators  are  ideal  subjects  in  whom 
to  measure  Rtl„  with  the  old  method  called  "the  in- 
terrupter technique."9,10  The  maneuver  is  to  occlude 
the  endotracheal  tube  quickly,  which  must  stop  air- 
way flow  immediately.  During  passive  inflation. 
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this  causes  a  drop  in  airway  pressure  (APnow).  Di- 
viding APnow  by  the  Vaw  that  immediately  preceded 
the  airway  occlusion  will  yield  Rtol  (Equation  5). 


R,ot  =  APnowA^ 


[5] 


Alternatively,  an  end-inspiratory  pause  can  be 
used  in  much  the  same  way.  This  method,  how- 
ever, works  only  with  inspiratory  flow  waveforms 
in  which  flow  is  not  zero  at  end-inspiration. 

Computerized   Method   To  Measure   Rtot.   The 

method  of  Wald  et  al3  and  Uhl  and  Lewis4  can  also 
be  used  to  calculate  Rtot.  In  fact,  the  least  squares  fit 
yields  both  Ct0,  and  Rt0I  simultaneously  and  with 
identical  mathematics.  Thus,  solving  Equation  4  for 
Ctot  implies  the  solution  for  Rlot  and  vice  versa. 

To  illustrate  the  method.  Figure  3  shows  a  meas- 
ured pressure-volume  loop  (solid  curve)  with  su- 
perimposed fitted  pressure-volume  curve.  As  a  re- 
sult of  that  fit,  Rtot  and  Ctot  are  computed  (10.3  cm 
H20  ■  s  •  L_1  and  50  mL/cm  H20,  respectively,  in 
the  example  of  Fig.  3). 


Paw  (cm  H2O) 

Fig.  3.  Measured  pressure-volume  curve  (solid  line) 
and  fitted  curve  (broken  line).  The  latter  is  a  result  of  the 
least  squares  fitting  procedure.  Note  slight  but  system- 
atic deviation  on  inspiratory  limb  of  curve  (right). 

Discussion.  The  basic  assumption  of  the  method  is 
that  R,ot  and  Ctot  remain  constant  throughout  one 
breath.  If  this  is  not  true,  the  least  squares  approach 
yields  a  weighted  average  of  the  Rt0I  and  Ctot  dis- 
tributions. 

While  the  fit  in  Figure  3  is  certainly  very  good 
for  clinical  purposes,  it  deviates  systematically 
from  the  measured  curve  during  inspiration.  This 
can  be  due  to  the  fact  that  Rlol  and  Cto,  are  not  con- 
stant during  the  breathing  cycle — or  even  differ  be- 
tween inspiration  and  expiration.  At  least  for  Rlol  in 
chronic  obstructive  lung  disease  patients,  the  latter 
effect  has  been  known  for  years. 


An  important  contribution  to  Rtol  is  the  endo- 
tracheal tube.  The  pressure-flow  relationship  is  de- 
scribed by  the  equation  AP  =  aVb.  where  a  is  a  con- 
stant depending  on  the  shape  of  the  tube  cross- 
section,  the  viscosity  and  density  of  the  gas.  and 
the  length  and  diameter  of  the  tube,  and  b  is  a  di- 
mensionless  number  describing  the  shape  of  the 
curve.1112  The  associated  resistance  (AP/V)  depends 
on  flow  and  on  various  factors  such  as  bending, 
mucus  deposits,  and  adapters  used.  Table  1  con- 
tains typical  values,  measured  over  a  range  of 
0.100to3L/s. 

Table  1.    Pressure-Flow  Relationships*  of  Rusch  Endotracheal 
Tubes 


Tube  No. 

at 

b+ 

r§ 

6.0 

24.2 

1.85 

0.991 

6.5 

16.8 

1.83 

0.995 

7.5 

8.7 

1.78 

0.994 

8.0 

7.0 

1.74 

0.984 

8.5 

5.9 

1.74 

0.995 

*Pressure  drop  expressed  as  aV*  tor  flows  from  100  mL/s  to  3  L/s. 
^a  =  resistance  at  1  L/s. 

+b  is  a  dimensionless  number  describing  the  shape  of  the  curve. 
§r  =  correlation  coefficient. 


The  resistance  of  the  endotracheal  tube  is  not 
constant.  It  depends  on  the  position  in  the  trachea 
and  on  the  presence  of  mucus  secretions.  A  bent 
tube  has  a  higher  resistance  than  a  straight  tube, 
even  if  it  is  not  kinked  at  all.  Typical  values  for  a 
#8  tube  are  given  in  Table  2. 

Clinical  Applications.  Rtot  was  on  average  8.2  ± 
2.3  cm  HiO  •  s  •  L"1  in  26  patients  after  open  heart 

Table  2.    Pressure-Flow  Relationships*  in  Unkinked  #8  Endo- 
tracheal Tube  at  Different  Angles  from  Straight  to 
U-Shaped 


Angle 


at 


b* 


r§ 


180°  (U-shaped)  7.265 

90°  (L-shaped)  6.855 

0°  (straight)  6.221 


1 .674  0.997 

1 .699  0.996 

1.715  0.995 


♦Pressure  drop  expressed  as  aV1'  for  flows  from  100  mL/s  to  3  L/s 
^a  =  resistance  at  1  L/s. 

+b  is  a  dimensionless  number  describing  the  shape  of  the  curve. 
Sr  =  correlation  coefficient. 


114 


RESPIRATORY  CARE  •  JANUARY  '93  Vol  38  No 


COMPUTERIZED  VENTILATION  MONITORING 


surgery.'1  In  those  patients,  neither  acute  nor  chron- 
ic lung  diseases  were  clinically  apparent.  The  val- 
ues include  the  resistance  of  the  endotracheal  tube. 

One  interesting  application  of  Rk„  is  the  continu- 
ous monitoring  of  the  endotracheal  tube.  If  it  be- 
comes obstructed,  Ru„  will  rise  and  reflect  the  in- 
crease in  resistance.12  Furthermore.  Ru„  can  in- 
crease dramatically  in  acute  asthma  and  is  therefore 
a  valuable  indicator  of  bronchoconstriction. 

In  one  patient,  for  example.  Rlol  was  25.7  cm 
H20  •  s  •  L"'  prior  to  treatment  with  a  broncho- 
dilator.  The  arterial  Po:  was  low  (59.3  torr)  and 
auscultation  revealed  inspiratory  and  expiratory 
wheezes.  Tracheobronchial  suctioning  did  not  im- 
prove the  Rl0[  or  oxygenation.  After  administration 
of  aminophylline  and  high  intravenous  dosage  of 
prednisolone,  the  patient's  condition  improved.  Pao: 
rose  to  72  torr,  and  R10t  fell  to  1 1.5  cm  H20  •  s  •  L  '. 

Intrinsic  Positive  End-Expiratory  Pressure 
(PEEPi) 

PEEP  is  widely  used  as  a  counterbalance  to  forc- 
es that  lead  to  collapse  of  alveolar  spaces  and  con- 
sequently to  a  reduction  of  lung  volume.  Modern 
ventilators  incorporate  an  expiratory  valve  that  au- 
tomatically closes  when  the  ventilator  circuit  pres- 
sure (Paw)  drops  to  an  operator-preset  level  (PEEP/ 
CPAP).  The  assumption  is  that  alveolar  pressure 
equals  airway  pressure  at  the  end  of  expiration.  If. 
however,  expiratory  airway  flow  does  not  approach 
zero,  there  will  always  be  a  difference  between  al- 
veolar pressure  and  airway  pressure  (see  section  on 
Rtol).  Under  such  circumstances,  the  PEEPi  can  be 
much  higher  than  the  external  PEEP.  Of  course,  the 
effect  is  not  normally  displayed  on  ventilators,  and 
this  fact  leads  to  a  number  of  names:  auto-PEEP,13 
occult  PEEP,14  inadvertent  PEEP.15  and  PEEP  in 
disguise.16 

Traditional  Estimation  of  PEEPj.  PEEP,  differs 
from  externally  applied  PEEP  because  expiratory 
gas  flow  is  not  zero.  If  the  airway  opening  is  tran- 
siently occluded,  gas  flow  will  stop  and  PEEPi  can 
be  measured  at  the  airway  opening.  This  maneuver 
is  easy  in  totally  passive  patients;  in  spontaneously 
breathing  subjects,  however,  careful  analysis  of  the 
tracheal  or  esophageal  pressure  waveform  is  need- 
ed. 


Computerized  Method  To  Measure  PEEP;.  The 

basis  for  this  calculation  is  once  again  Rohrer's 
equation  of  lung  mechanics  (Equation  4).  Because 
the  assumption  of  "complete  equilibration  at  the 
end  of  each  breath"  must  be  dropped,  a  new  term 
C*K")  must  be  added  to  Equation  4.  K  has  the  di- 
mensions of  pressure  and  is  introduced  in  the  fol- 
lowing equation: 

Paw  =  Rtot  •  Vaw  +  1/CtofV  +  K, 

where  K  is  a  direct  measure  of  PEEP,.  Paw.  airway  flow 
(Vaw).  and  cumulative  volume  (V)  are  all  functions  of 
time. 

This  means  that  Equation  6  is  valid  throughout 
the  entire  breath.  If  all  signals  are  sampled  very  fast 
(eg.  60  times  per  second),  a  series  of  equations  is 
obtained.  These  equations  are  solved  to  find  Rt01. 
C,ot,  and  K  by  using  the  least  squares  fit  approach. 

The  mathematical  method  yields  values  that  are 
very  close  to  the  values  obtained  with  the  tradi- 
tional breath-hold  method  in  ARDS  patients.17  A 
prerequisite  again  is  that  the  patient  be  entirely  pas- 
sive. In  spite  of  the  very  close  agreement  between 
the  two  methods,  there  is  a  small  systematic  differ- 
ence. 

Discussion.  Eberhard  et  al17  attribute  the  difference 
between  the  mathematical  method  and  the  tradi- 
tional breath-hold  method  to  the  fact  that  the  tradi- 
tional method  introduces  a  maneuver,  artificially 
prolongs  the  expiratory  phase,  and  thereby  leads  to 
a  systematic  overestimation  of  PEEP,.  The  phe- 
nomenon can  be  attributed  to  viscoelastic  effects.  It 
should  be  kept  in  mind  that  the  difference  is  very 
small  and  its  clinical  significance  is  not  yet  proven. 
One  disadvantage  of  the  traditional  method  is 
that  it  will  not  work  in  the  presence  of  air  leaks.  Pa- 
tients with  chest  tubes  present  problems  in  PEEP, 
measurement.  The  reason  is  that  during  a  hold  ma- 
neuver, the  pressure  drops  due  to  the  gas  leaks.  A 
possible  solution  might  be  offered  by  the  computer- 
ized method.  Because  no  maneuver  is  needed,  the 
'real'  PEEP,  could  be  measured.  This  method  is 
currently  under  evaluation  at  our  research  la- 
boratory. 

Clinical  Applications.  Once  more  it  must  be 
stressed  that  all  the  above-mentioned  methods  re- 
quire that  the  patient  be  entirely  passive;  otherwise. 
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esophageal  pressure  measurements  must  be  under- 
taken. Nevertheless,  the  mathematical  measure- 
ment offers  tremendous  opportunities  in  patients 
with  COPD  and  in  pressure-controlled  inverse-ratio 
ventilation  (PCIRV).  In  both  cases,  PEEP  is  a  dy- 
namic effect  of  the  ratio  of  inspiratory  to  expiratory 
time  (I:E)  and  respiratory  rate.  In  fact,  the  ex- 
piratory time  together  with  the  expiratory  time  con- 
stant largely  determine  the  amount  of  dynamic  hy- 
perinflation.7 IS  The  PEEP  setting  on  the  ventilator 
does  not  reflect  the  alveolar  pressure  level  (PEEP,). 
Also.  PEEP  effects  of  a  dynamic  nature  cannot  be 
read  off  the  display  of  today's  ventilators.  Breath- 
by-breath  determination  of  PEEP,  would  therefore 
greatly  facilitate  the  adjustment  of  rate  and  I:E. 

CO,  Elimination  (\fc02) 

The  obvious  goal  of  ventilation  is  to  remove  the 
volume  of  C02  that  is  produced  by  the  metabolic 
functions  of  the  body.  In  a  steady  state,  CO:  elim- 
ination is  identical  to  C02  production.  However, 
only  the  former  can  be  measured  at  the  airway 
opening,  and  any  conclusions  about  the  latter  de- 
pend on  assessment  of  steady-state  conditions.  This 
section  discusses  C02-elimination  measurement 
and  its  interpretation. 

Traditional  Estimation  of  Vco2  Traditionally,  ex- 
pired gas  is  collected  in  a  Douglas  bag  over  a  pe- 
riod of  ttotai  minutes.  The  mixed  expired  concentra- 
tion (Feco2)  is  measured  by  a  mass  spectrometer  or 
capnometer  and  the  bag  is  emptied  into  a  spi- 
rometer to  assess  the  volume  (Vtotal)-  Mro:  is  then 
calculated  as 


Vco:  =  Vtoial/ttotal  ■  FecO: 


[7] 


The  resulting  Vco:  is  a  gas  volume  under  condi- 
tions of  ambient  temperature,  ambient  pressure, 
and  full  saturation  with  water  vapor  (ATPS).  Com- 
monly. Vco:  is  reported  for  conditions  of  standard 
temperature,  standard  pressure,  and  no  water  vapor 
(STPD).  Conversion  formulas  are  given  in  physics 
and  respiratory  care  textbooks.1'' 

The  method  for  measuring  C02  elimination  is 
very  reliable  and  has  no  drift,  and  its  accuracy  is 
unaffected  by  the  additional  compressed  volume  of 
the  ventilator  circuit.  It  is,  however,  cumbersome 


and  difficult  to  perform  in  the  confines  of  the  mod- 
ern ICU. 

Computerized  Method  for  Measuring  Vco2-  At 
the  airways,  C02  and  gas  flow  are  not  constant. 
Figure  4  shows  a  typical  C02  curve,  whereas  Fig- 


Fig.  4.  Typical  capnogram  of  a  ventilated  patient,  show- 
ing fractional  concentration  of  C02  plotted  against  time. 
Inspiration  starts  at  Time  0,  exhalation  at  approximately 
Time  2.75  s.  Note  that  inspiratory  gas  contains  C02  (re- 
breathing)  that  is  washed  out  of  the  Y-piece. 

ure  5  shows  a  flow  curve  of  a  mechanically  ven- 
tilated patient.  The  inspiratory  part  of  the  flow 
curve  might  look  unusual  at  first  because  it  repre- 
sents the  typical  flow  pattern  during  pressure- 
controlled  ventilation  (PCV).  The  expiratory  flow 
curve  has  the  form  of  an  exponential  decay  curve. 
Note  that  in  spontaneously  breathing  subjects,  the 
flow  curve  may  be  of  different  shape. 


Fig.  5.  Typical  spirogram  of  a  ventilated  patient  in  pres- 
sure-controlled ventilation.  Flow  into  patient  (in- 
spiration) is  negative,  whereas  flow  out  of  patient  (ex- 
piration) is  positive.  The  breath  is  identical  to  that  of 
Figure  4. 

To  obtain  the  volume  of  C02  exhaled  in  one 
breath,  the  two  curves  of  Figures  4  and  5  are  com- 
bined into  the  CCVversus-volume  diagram  shown 
in  Figure  6.   For  the   sake  of  completeness,   in- 
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spiration  and  expiration  are  plotted  together  in  Fig- 
ure 6.  The  area  under  the  expiratory  curve  minus 
the  area  under  the  inspiratory  curve  (Veco2)  is  the 
net  transfer  of  C02  out  of  the  lungs  per  breath.  The 
CO:  elimination  per  minute  is  obtained  by  adding 
Veco2  over  several  breaths  and  dividing  the  sum  by 
the  total  time  in  minutes.20 


200         250 

VC02  Control  (mUmin) 

Fig.  7.  CO2  elimination  measured  with  a  pneumotacho- 
graph and  a  C02  analyzer  (y-axis)  plotted  against  cal- 
ibrated inflow  of  C02  (mass  flow  controller,  x-axis).  Var- 
iables are  F102  (0.21,  0.50,  0.90)  and  VT  (500  and  1000 
ml_).  Solid  line  is  regression  line  (y  =  1.046x  +  8.4,  r2  = 
0.995).  Lung-model  characteristics  were  compliance  60 
mL/cm  H20,  resistanc,  5  cm  H20  •  s  •  L~\  and  series 
dead  space  150  mL. 


Fig.  6.  Combination  of  capnogram  and  spirogram  (ie, 
fractional  concentration  of  C02  plotted  against  vol- 
ume). Area  A  is  inhaled  volume  of  C02,  and  Area  B  is 
exhaled  volume  of  C02.  Net  elimination  of  CO2  is  total 
area  under  Curve  B  -  area  under  Curve  A  (rebreathed 
C02).  Curve  A  (rebreathed  C02).  Usually,  the  left  part 
of  the  curve  (negative  volumes)  is  omitted.  The  curve 
on  the  right  may  be  divided  into  Phase  I  (no  C02), 
Phase  II  (rapid  rise  of  CO2),  and  Phase  III  ('alveolar' 
plateau). 

We  have  assessed  the  accuracy  of  Vco2  measure- 
ment for  a  measuring  setup  consisting  of  a  heated 
Jager  pneumotachograph  and  a  modified  Nova- 
metrix  1260  C02  analyzer  placed  between  Y-piece 
and  endotracheal  tube.  A  Lucite  lung  model  with 
adjustable  compliance  and  C02  production6  was 
used  as  a  patient  substitute.  CO,  flow  into  the  mod- 
el was  controlled  by  a  calibrated  Tylan  FC260 
mass  flow  controller  (accurate  within  1%).  Vco2 
was  varied  from  150  to  550  mL/min  in  five  steps. 
Variables  were  Fio2  (0.21.  0.50,  0.90)  and  VT  (500, 
1,000  mL).  Vds  and  Ctol  were  kept  constant  at  150 
mL  and  60  mL/cm  FLO.  respectively.  The  result  of 
the  comparison  revealed  a  slight  overestimation  of 
Vco2  (5%)  at  a  precision  of  ±  11  mL/min.  The  re- 
sults are  shown  graphically  in  Figure  7. 

Discussion.  The  accuracy  of  the  computerized 
method  of  Vco2  depends  on  the  accuracy  of  the 
pneumotachograph  and  the  accuracy  of  the  C02  an- 
alyzer, and  the  quality  of  synchronization  between 
spirogram  and  capnogram.6'21  In  the  worst  case,  the 


errors  of  each  of  the  factors  add  up.  For  example,  if 
the  relative  errors  for  spirometry  and  capnometry 
are  both  ±  5%,  the  worst  case  error  becomes  10%. 
Additionally,  synchronization  of  spirogram  and 
capnogram  is  important;  small  deviations  of  even  a 
few  milliseconds  will  yield  gross  errors  (>  20%).22 
The  fact  that  Vco2  was  slightly  overestimated  in 
the  above  series  of  measurements  was  due  to  in- 
complete delay-time  compensation.  Because  all 
signals  were  sampled  at  60  Hz  (60  measuring 
points  per  second),  the  smallest  time  increment  was 
16.6  ms.  Consequently,  the  synchronization  be- 
tween spirogram  and  capnogram  was  limited  to  an 
accuracy  of  ±  8.3  ms,  which  causes  errors  in  Vco2 
measurement. 

Clinical  Application.  In  26  patients  after  open 
heart  surgery,  the  mean  (SD)  Vco2  was  194  (35) 
mL/min  STPD.6  Very  few  data  are  available  in  the 
literature  concerning  Vco2  measurement  in  in- 
tubated patients.  Much  of  the  available  literature  on 
the  subject  is  contradictory  and  the  results  vary 
greatly.21  Most  publications  are  restricted  to  the 
communication  of  end-tidal  C02  or  mixed  expired 
CO:  concentration.  The  clinical  usefulness  of  Vco2 
measurement  is  therefore  still  not  well  defined.  Po- 
tentially, Vco2  is  an  indicator  of  the  level  of  seda- 
tion, psychoemotional  stress,  hyperalimentation, 
catabolic  states  such  as  septicemia,  and  acute 
changes  in  pulmonary  blood  flow.  Recently,  Vco2 
was  found  to  be  a  promising  early  indicator  of  hy- 
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perthermia24  and  therefore  malignant  hyperthermia. 
The  authors  concluded  that  Vco2  is  superior  to  the 
conventional  indicators — end-tidal  C02  (during 
spontaneous  breathing),  rectal  temperature,  mean 
blood  pressure,  and  heart  rate. 

Series  Dead  Space  Ventilation  (Vds) 

Series  dead  space  is  an  effective  in-vivo  measure 
for  the  volume  wasted  in  the  conducting  airways. 
Its  determination  depends  on  the  availability  of  a 
tracer  gas  that  indicates  the  transition  from  purely 
gas-conducting  spaces  to  the  gas-exchanging  spac- 
es of  the  lungs.  Early  investigators  used  nitrogen  as 
an  indicator,25  which  requires  a  well-defined  and 
abrupt  change  in  inspiratory  gas  composition.  A 
much  simpler  method  is  to  use  the  body's  own  trac- 
er gas — C02.26  The  C02  diagram  may  be  divided 
into  Phase  I  (no  CO:  present),  Phase  II  (rapid  rise 
in  C02  ),  and  Phase  III  (alveolar  plateau). 

Traditional  Estimation  of  Vas-  The  classic  way  to 
measure  series  dead  space  was  described  by  Fowl- 
er.25 His  method  is  applicable  without  modification 
to  C02  although  it  was  originally  defined  for  N2. 
Figure  8  shows  graphically  the  various  steps: 

1 .  Plot  C02  against  expired  volume. 

2.  Identify  an  alveolar  plateau. 

3.  Draw  a  straight  line  through  alveolar  plateau. 

4.  Choose  a  vertical  line  such  that  areas  A  and  B 
become  equal. 

5.  The  intercept  of  the  vertical  line  with  the  x- 
axis  gives  Vas- 


0     100    200    300    400    500    600    700    800    900 

Expired  Volume  Ve  (mL) 

Fig.  8.  Dead-space  measurement  by  Fowler  method.  Al- 
veolar plateau  is  defined  by  eye.  Areas  A  and  B  must 
be  matched  by  moving  the  vertical  line  left  or  right.  Fi- 
nal position  indicates  Vds- 


Computerized  Method  To  Measure  Vds-  The  ba- 
sis for  Vds  measurement  is,  again,  the  CCVversus- 
expired-volume  diagram.  The  method  is  described 
in  detail  in  Reference  27  and  is  illustrated  in  Figure 
9.  The  first  step  is  to  identify  Phase  II  of  the  di- 
agram because  the  remainder  of  the  analysis  is  re- 
stricted to  Phase  II.  In  the  second  step,  the  series 
dead  space  is  calculated  according  to  Equation  8. 


VdS  =  VE*  -  [V*CO:/F*CO:]. 


with  Ve*,  V*COi,  and  F*CO;  as  defined  in  Figure  9. 


[8] 


^v^^^A^v^/'l"'**, 


Expired  Volume  VE  (mL) 


Fig.  9.  Dead-space  measurement  according  to  Refer- 
ence 6.  The  method  requires  two  steps,  focusing  on 
Phase  II  and  analysis  of  Phase  II  (rapid  upswing  of 
curve).  Step  1:  Take  the  maximum  of  Fco2.  divide  it  by 
2,  and  determine  the  concomitant  volume  (V).  Include 
the  curve  up  to  Ve*  =  2  V  (grey  shaded)  for  Step  2.  Step 
2:  Analyze  the  curve  as  cumulative  distribution  curve 
(s-shaped  probability  curve).  See  text  for  details. 

We  assessed  the  accuracy  of  Vds  measurement 
for  a  measuring  setup  consisting  of  a  heated  Jager 
pneumotachograph  and  a  modifed  Novametrix  C02 
analyzer  placed  between  the  Y-piece  and  the  endo- 
tracheal tube.  The  same  Lucite  lung  model  was 
used  as  described  earlier.6  The  model  incorporates 
a  variable  Vds  by  means  of  tubing  added  to  the 
model  outlet.  Tubing  volume  was  measured  with 
water  (±  2  mL  accuracy).  Gas  volumes  were  cor- 
rected for  end-inspiratory  compression.  Vds  was 
varied  from  70  to  350  mL  in  five  steps.  Variables 
were  Fio2  (0.21,  0.50,  0.90),  VT  (500,  1000  mL). 
and  Clol  (30,  60  mL/cm  H20).  Vco2  was  kept  con- 
stant at  250  mL/min.  The  results  of  this  comparison 
are  plotted  in  Figure  10.  The  mean  difference  was 
-5  ±  1 1  mL. 

Discussion.  In  the  comparison  in  Figure  10,  Vas 
was  slightly  underestimated  (-5  ±   1 1   mL).  This 
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again  is  probably  due  to  inaccurate  delay-time 
compensation  (see  Reference  28  and  Vccb  dis- 
cussion). A  more  accurate  compensation  would  be 
possible  by  either  increasing  the  sample  rate  (>  100 
Hz)  or  interpolating  between  sample  points.  The  er- 
ror of  less  than  5%  for  the  present  setup,  however, 
is  considered  clinically  negligible,  and  higher  ac- 
curacy is  therefore  not  necessary. 


VdS  control  (mL) 

Fig.  10.  Comparison  of  Vds  measurement  (y-axis)  with 
tubing  volume  of  model  lung  (Vds  control). 

The  morphology  of  the  lungs  is  the  physiologic 
basis  for  the  proposed  method29  by  which  the  lungs 
can  be  described  as  a  tree-like  branched  system. 
The  origin  (trunk)  is  the  trachea,  the  terminal  units 
(leaves)  are  the  acini.  The  pathways  from  the  tra- 
chea to  the  acini  are  of  different  length.  Con- 
sequently, the  airways  associated  with  each  path- 
way contain  different  volumes  (dead-space  frac- 
tions). The  total  of  these  volumes  is  the  total  series 
dead  space. 

Unfortunately,  we  cannot  measure  the  total  se- 
ries dead  space  because  the  individual  dead-space 
fractions  empty  asynchronously.  To  make  things 
even  worse,  the  contribution  of  each  dead-space 
fraction  is  flow-  and  concentration-weighted.27'29 
Based  on  the  above  considerations,  the  C02- 
versus-volume  diagram  can  be  interpreted  as  a  cu- 
mulative distribution  function  of  acinar  (alveolar) 
gas.  The  proposed  method  measures  the  mean  val- 
ue of  this  distribution. 

Vds  depends  on  the  slope  of  the  alveolar  plateau. 
Although  this  dependence  is  slight  in  most  patients, 
it  becomes  significant  in  COPD.30  An  attempt  to 
account  for  a  steep  alveolar  plateau  was  successful 
in  that  it  produced  a  Vds  that  was  close  to  the  ex- 
pected value.  Yet,  the  clinical  significance  of  such 
a  mathematical  maneuver  is  unclear  because  it  re- 
moves information  contained  in  the  "pathological" 


CO:  diagram.  Therefore  it  may  be  necessary  to  use 
both  methods,  the  original  Vjs  and  the  plateau- 
corrected  Vds.  for  maximal  information. 

Clinical  Application.  The  mean  (SD)  Vds  was  167 
(50)  mL  in  26  patients  after  open-heart  surgery.6  It 
was  significantly  increased  with  Vt,  PEEP,  and  in- 
spiratory flow.  End-inspiratory  pause  reduced  Vds- 
It  is  generally  accepted  that  with  conventional 
mechanical  ventilation  tidal  volumes  need  to  be 
larger  than  the  anatomic  dead  space  in  order  to  ven- 
tilate effectively.  Because  anatomic-dead-space 
data  are  not  readily  available  for  each  individual 
patient,  a  recommended  estimate  is  1  mL  per 
pound  of  ideal  body  weight.31  Therefore,  it  seems 
logical  to  base  the  tidal  volume  on  body  weight  in 
order  to  compensate  for  anatomic-dead-space  ven- 
tilation. However,  what  counts  for  effective  gas  ex- 
change is  not  the  anatomic  dead  space  but  its  func- 
tional counterpart,  VdS-  And  Vds  is  not  very  much 
dependent  on  body  weight  but  much  more  so  on 
functional  variables  such  as  breathing  pattern,  pas- 
sive or  active  inflation,  and  even  pulmonary  hemo- 
dynamics. To  illustrate  this.  Figure  1 1  shows  data 
measured  in  patients  after  open  heart  surgery  dur- 
ing the  weaning  from  mechanical  ventilation  with 
IMV.32  It  is  clear  from  Figure  1 1  that  body  weight 
is  probably  a  secondary  determinant  of  Vas  in 
adults,  a  fact  also  described  by  other  authors.33 


Weight  (kg) 

Fig.  1 1 .  Series  dead  space  (Vds)  plotted  against  patient 
weight  during  period  of  weaning  from  IMV  in  8  patients. 
Two  points  are  plotted  for  each  patient,  one  repre- 
senting Vds  of  mandatory  breaths  (open  circles),  the 
other  representing  Vds  of  spontaneous  breaths  (closed 
circles).  Data  are  from  Reference  32.  There  is  no  pos- 
itive correlation  with  weight,  either  with  mandatory 
breaths  or  with  spontaneous  breaths. 

Clinically,  these  facts  may  become  important 
when  tidal  volumes  need  to  be  set.  It  does  seem 
reasonable  to  base  the  target  Vt  on  the  actual  Vds- 
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Consequently,  Vas  might  also  help  to  evaluate  the 
spontaneous  breathing  efforts  during  weaning  from 
the  ventilator  (ie,  if  Vj  exceeds  Vas  significantly, 
spontaneous  breathing  may  be  considered  ef- 
fective). Although  this  idea  might  seem  plausible, 
there  is  as  yet  no  scientific  evidence  to  prove  its  su- 
periority over  the  conventional  approaches. 

Alveolar  Efficiency  of  C02  Elimination 
(AlvEffCO,) 

The  series  dead  space  is  one  of  the  causes  of  in- 
efficient gas  exchange.  Another  cause  is  the  alveo- 
lar dead  space — ie,  the  functional  equivalent  of 
spatial  and/or  temporal  Va/Q  mismatch.  The  basis 
for  Va/Q  assessment  is  the  Va/Q  diagram34  (Fig. 
12).  Mixed-venous  (v).  arterial  (a),  and  inspiratory 
(I)  Pco2/Po2  points  are  the  cornerstones  of  the  di- 
agram. The  bold  lines  are  the  lines  of  constant  RQ 
for  blood  (top,  nearly  horizontal)  and  gas  (from 
Point  I  to  i).  The  lines  intercept  on  the  Va/Q  at  the 
'ideal*  point  (i).  Point  i  gives  the  Pccb/Poi  of  an 
ideal  lung  with  complete  and  undisturbed  gas  ex- 
change. This  point  is  the  basis  for  all  shunt  and  Vd/ 
Vt  equations  and  requires  the  measurement  of 
mixed-venous  and  arterial  blood  gases. 


Po2  (ton) 

Fig.  12.  Classical  Va/Q  diagram.  Bold  lines  are  RQ 
lines  (constant  RQ)  for  blood  (v-a-i)  and  gas  (l-i).  They 
intersect  at  the  ideal  point  (i).  Thin  line  is  VA/Qline.  Va/ 
Q  is  zero  at  mixed-venous  point  (v)  and  approaches  in- 
finity at  inspiratory  point  (I).  Dashed  horizontal  line  rep- 
resents usual  method  to  calculate  ideal  Pco2  and  inter- 
sects with  Va/Q  line  at  the  effective  point  (e).  Modified 
from  Reference  35  for  Fio2of  0.40. 

In  clinical  practice,  the  measurement  of  mixed- 
venous  blood  gases  requires  the  presence  of  a  pul- 
monary artery  catheter.  For  this  reason,  the  'trick' 
of  using  arterial  Pco2  as  the  'ideal'  Pcc>2  has  be- 
come generally  accepted;  however,  the  error  intro- 


duced by  this  trick  is  shown  graphically  in  Figure 
12.  The  'effective*  point  denotes  the  Pco:  on  the  V/ 
Q  line  that  is  identical  to  the  arterial  Pco2-  Because 
the  blood  RQ-line  is  so  flat,  the  error  remains 
small.  If,  however,  the  arterial  point  is  shifted  to- 
ward the  mixed-venous  point,  the  error  increases. 
This  will  happen  with  large  Q  s/  Q  t  (venous  ad- 
mixture). 

Traditional  Estimation  of  Vd/Vt.  Traditional  es- 
timation assumes  that  arterial  Pcc>2  represents  the 
ideal  Pco:-  Expired  gas  is  collected  in  a  Douglas 
bag  and  the  mixed  expired  C02  is  measured  with  a 
mass  spectrometer  or  capnometer.  Arterial  blood  is 
sampled  simultaneously  and  analyzed  for  Pco2- 
The  latter  is  corrected  to  body  temperature  and  con- 
verted to  fractional  concentration  of  dry  gas.  Final- 
ly, Equation  9  is  used  to  calculate  Vd/Vt  . 

The  assumption  is  that  if  the  lungs  were  ideal 
gas-exchanging  spaces,  all  expiratory  gas  would 
have  a  concentration  of  C02  that  equaled  the  ideal 
Fco;  (arterial).  Therefore,  the  difference  between 
mixed-expired  and  ideal  CO:  concentration  is  at- 
tributed to  dead-space  ventilation. 

Vd/Vj  =  1  -  (FEco:/PaC02)  (Pb  -  Ph2o).  [9] 

where  Pb  =  barometric  pressure  and  Ph:0  =  water  vapor 
pressure,  and  P;,co:  =  CO;  partial  pressure  corrected  to 
body  temperature. >,,,  Ph;0  is  47  torr  at  37°C. 

Problems  with  the  measurement  in  patients  on  ven- 
tilators are  associated  with  the  collection  of  expired 
gas.  Because  the  ventilator  cannot  be  disconnected, 
gas  is  sampled  at  the  expiratory  outlet.  Compressed 
gas  in  the  tubing  dilutes  the  expiratory  gas  and  thus 
the  Feco2  is  decreased  artifactually.  This  leads  to 
an  overestimation  of  Vd/Vt.  The  error  increases 
with  increases  in  respiratory  rate  and  end- 
inspiratory  airway  pressure.  These  errors  in  volume 
measurements  are  greatly  reduced  by  collecting  the 
expired  gas  through  a  Desautels  IMV  expiratory- 
volume  manifold.37 

Computerized  Method  To  Measure  AlvEffCO,. 

This  method  takes  the  Vjs  into  account.  Con- 
sequently, and  if  the  lungs  are  ideal,  the  'mixed  al- 
veolar' concentration  of  C02  (Faco2,  Equation  10) 
equals  the  ideal  alveolar  CO:  concentration.  Any 
alveolar  dead   spaces   introduce  a  difference  be- 


120 


RESPIRATORY  CARE  •  JANUARY  '93  Vol  38  No 


COMPUTERIZED  VENTILATION  MONITORING 


tween  Faco  and  ideal  alveolar  CO-,  concentra- 
tion.38 


FacOi  =  Vco:AVt  -  Vds). 


[101 


The  ratio  between  mixed  alveolar  and  ideal  al- 
veolar C02  concentration  was  originally  introduced 
in  1957  by  Severinghaus  and  Stupfel38  and  is 
termed  alveolar  efficiency  of  CO:  elimination.6-39  It 
is  abbreviated  as  AlvEffC02  and  expressed  in  % 
(100%  means  ideal). 


AlvEffCCb  =  (FAco2/PaCO:)  (Pb  -  Phbo)  ( 100). 


II] 


Like  the  other  computerized  methods,  this  one 
also  requires  the  measurement  of  airway  flow  and 
C02  concentration  directly  at  the  airway  opening. 

Discussion.  Admittedly,  the  information  content  of 
VD/VT  and  AlvEffCO:  is  different.  The  former 
contains  Vds,  whereas  the  latter  does  not.  This  fact, 
however,  is  rarely  realized,  and  Vd/Vt  is  thus  usu- 
ally taken  as  a  measure  of  alveolar  dead-space  ven- 
tilation. A  plot  of  Vd/Vt  against  AlvEffCCY  (n  = 
42)  reveals  the  poor  correlation  between  the  two  (r2 
=  0.102)  (Fig.  13,  data  from  Reference  6). 


Fig.  13.  Vd/Vt  plotted  against  AlvEffC02  (n  =  42).  Data 
taken  from  Reference  6.  Correlation  is  poor  (r2  =  0.102). 

The  validity  of  AlvEffC02  (and  VD/VT)  cal- 
culation is  crucially  dependent  on  the  'ideal'  Pco:- 
For  Qs/Qt  up  to  20%,  the  arterial  Pco2  is  a  good  es- 
timate of  the  ideal  Pco:-35  For  Qs/  Qt  above  20%, 
the  correct  ideal  point  must  be  determined  in  the 
Va/Q  diagram.  If  this  is  not  done,  alveolar  dead 
space  is  overestimated. 

Clinical  Applications.  In  26  patients  after  open 
heart  surgery,  mean  (SD)  AlvEffC02  was  81  (7)  %. 
AlvEffC02  was  significantly  reduced  with  large  Vt 


and  high  inspiratory  flow.  An  end-inspiratory 
pause  increased  AlvEffCO:  slightly.  No  depen- 
dence on  PEEP  was  measured.6 

Although  introduced  in  principle  many  years 
ago,38  AlvEffC02  and  Vjs  are  not  commonly  used 
in  management  of  ventilated  patients.  Lack  of  suit- 
able equipment  might  be  one  of  the  reasons.  A  lack 
of  appreciation  of  the  clinical  benefits,  based  on 
disappointing  experience  with  Vd/Vt,  might  be  an- 
other reason.  Yet,  AlvEffCO:  used  in  conjunction 
with  Vas  may  help  to  elucidate  complex  path- 
ophysiologic phenomena.  To  illustrate  this  po- 
tential, data  from  a  patient  with  acute  bron- 
choconstriction,  before  and  after  treatment  with 
aminophylline  and  high-dose  intravenous  pred- 
nisolone, are  plotted  in  Figure  14. 


VdA 

VdA 
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Fig.  14.  Respiratory  dead  spaces  during  acute 
bronchoconstriction  (left)  and  after  treatment  (right). 
Physiologic  dead  space  (Vd)  is  the  sum  of  Vds  and 
VdA-  Vd  remains  constant,  whereas  Vds  increases  and 
VdA  decreases  after  treatment. 

For  compatiblity  reasons,  AlvEffC02  is  pre- 
sented as  alveolar  dead  space  (VdA)-  The  total  of 
Vds  and  VdA  is  physiologic  dead  space  (Vd),  as  ex- 
pressed in  Equation  13. 

VdA  =  (Vt  -  Vas)  (100  -  AlvEffCO; )/ 1 00.  [12] 

VD/VT  =  (Vds  +  VdA)/VT.  [13] 

Figure  14  illustrates  the  effect  of  the  broncho- 
active  drug  in  this  particular  case.  During  the  asth- 
ma attack,  Rlot  was  26  cm  H20  •  s  •  L"1  and  Vds 
was  83  mL.  When  the  bronchodilator  was  ad- 
ministered, Rlol  fell  to  12  cm  H20  •  s  •  L_1  and  Vds 
rose  to  208  mL,  both  reflecting  the  increase  in  air- 
way diameter.  At  the  same  time,  VdA  decreased  due 
to  improved  Va/Q  matching.  The  fact  that  physio- 
logic dead  space  (Vd)  (or  Vd/Vt,  as  Vt  was  con- 
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stant  throughout  the  measurements)  remained  un- 
altered shows  the  weakness  of  the  Vd/Vt  concept. 
In  contrast,  Vds  and  AlvEffCO:  plausibly  docu- 
ment the  effects  of  the  acute  pathology  and  their  re- 
versal. 

The  Future  in  Ventilation  Monitoring 

Airway  Monitoring 

Most  ventilators  measure  pressures  and  gas 
flows  inside  the  ventilator  only  and  not  at  the  pa- 
tient's airways.  This  can  lead  to  gross  errors  for  to- 
day's modes  of  ventilation,  especially  at  high  air- 
way pressure  (generating  an  increase  in 
compressed  volume)  and  high  gas  flows  (in- 
creasing pressure  drop  over  tubing).  For  some  res- 
piratory modes  (continuous  flow),  measurements 
inside  the  ventilator  must  even  be  deemed  useless. 
In  contrast,  monitoring  at  the  airways  gives  the  real 
picture.  Gas  flow  in  and  out  of  the  patient  is  meas- 
ured— not  gas  flow  in  and  out  of  the  ventilator.  All 
the  described  lung-function  variables  are  therefore 
based  on  measurements  at  the  airways. 

The  greatest  pressure  drop  normally  occurs  as 
the  gas  travels  through  the  endotracheal  tube  (ETT) 
or  tracheostomy  tube  (TT).  This  is  the  smallest  di- 
ameter in  the  patient  circuit;  thus,  it  offers  the 
greatest  resistance  to  gas  flow.  During  active  in- 
spiratory flow,  the  pressure  measured  in  the  ven- 
tilator circuit  always  overestimates  the  lung  pres- 
sure. Conversely,  during  active  expiratory  flow,  the 
pressure  measured  in  the  ventilator  circuit  always 
underestimates  the  lung  pressure. 

During  the  early  development  of  high-frequency 
ventilation  modes,  endotracheal  tubes  and  unique 
adapters  were  developed  that  provide  a  pressure- 
measuring  port  in  the  trachea.  These  devices  are 
now  commonly  available  to  permit  the  clinician  to 
measure  intratracheal  pressures  directly.  Measuring 
pressures  directly  in  the  trachea  greatly  reduces  the 
error  induced  by  the  ETT/TT  resistance. 

In  the  future,  airway  monitoring  will  be  the  stan- 
dard. It  will  still  be  necessary  to  monitor  the  ven- 
tilator's performance;  however,  patient  monitoring 
is  critical  for  appropriate  therapy. 

The  presentation  of  the  monitored  data  is  critical 
to  the  clinician's  ability  to  decipher  the  in- 
formation. In  dynamic  modes  of  ventilation,  pres- 
entation of  patient  flow,  pressure,  and  volume  is 


optimally  accomplished  by  monitors  presenting 
graphics  of  real-time  plots  and  X-Y  plots.  This  type 
of  monitor  is  capable  of  providing  quantitative  as 
well  as  qualitative  presentations  of  compliance,  re- 
sistance, work  of  breathing,  and  auto-PEEP.  As 
with  all  new  technologies,  these  monitors  do  come 
with  a  price  tag  in  both  cost  and  handling. 

Computerized  Interpretation  and  Consulting 

Data  from  lung-function  analysis  in  intubated 
patients  on  ventilators  have  no  meaning  per  se.  The 
data  need  to  be  inteipreted  in  the  context  of  the  dis- 
ease and  the  short-term  therapeutic  goals.  Fur- 
thermore, the  interpretation  must  be  followed  by 
appropriate  actions.  The  loop  is  closed  when  the 
lung  function  data  are  used  again  to  verify  the  suc- 
cess of  the  actions. 

One  of  the  crucial  steps  in  the  above  closed-loop 
control  system  is  the  interpretation  of  data  in  the 
context  of  the  disease  and  the  therapy.40  This  no- 
tion needs  to  be  extended  to  the  availability  of  re- 
sources, to  house  rules,  and  to  local  standards  of 
care.  Consequently,  a  computerized  system  for  the 
interpretation  of  lung  function  data  in  intubated  pa- 
tients needs  to  be  adaptable  to  local  circumstances. 
This  is  a  difficult  task  and  requires  the  involvement 
of  the  users  in  the  design  of  such  systems.  It  even 
requires  the  users  to  maintain  the  system  them- 
selves in  order  to  accommodate  the  changes  in 
house  rules  or  resources  over  time.41 

It  is  widely  believed  that  artificial  intelligence 
technology  will  solve  such  problems.40,42  However, 
experienced  researchers  in  the  field  question  the  ef- 
ficiency of  so-called  heuristic  or  rule-based  pro- 
gramming. One  of  the  most  prominent  opponents 
of  this  type  of  artificial  intellligence  even  states 
that  "Heuristic  techniques  do  not  yield  systems  that 
one  can  trust."43  In  the  presence  of  the  legal  issues 
related  to  medical  decision  support  systems,44  this 
contention  must  be  carefully  considered  by  both 
vendors  and  users. 

In  contrast  to  heuristic  programming,  a  struc- 
tured approach  is  based  on  physiologic  and/or  ther- 
apeutic models.  This  requires  more  than  just  agree- 
ing on  stated  rules,  it  requires  the  consensus  of  all 
the  clinicans  involved. 

Furthermore,  sophisticated,  automated  lung 
function  analysis  is  needed  to  provide  a  continu- 
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ously  adapted  database  for  the  control  algorithms.45  12. 

We  believe  that  the  combination   of  consensus- 
based  control  algorithms  and  automatic  lung  func- 
tion analysis  will  finally  lead  to  clinically  ben-  ]3 
eficial  closed-loop  control  ventilation. 
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Abnormal  Chest  Radiograph  after  Central  Line  Placement 


Debra  L  Medin  BS  RRT  and  Frederick  P  Ognibene  MD 


A  32-year-old  Caucasian  woman  with  metastatic 
breast  carcinoma  was  admitted  to  the  Medical  In- 
tensive Care  Unit  of  the  Warren  G  Magnuson  Clin- 
ical Center,  National  Institutes  of  Health,  for  chem- 
otherapy. This  woman  had  undergone  a  right  modi- 
fied-radical  mastectomy  for  breast  carcinoma  in 
March  1989  and  was  now  being  treated  for  meta- 
static disease  with  a  combination  chemotherapy 
protocol  consisting  of  taxol  and  adriamycin.  Initial 
physical  examination  revealed  pain  in  the  right 
lower  back  and  leg,  sternal  pain,  and  left-side  rib- 
cage  pain.  The  admission  chest  radiograph  is  shown 
in  Figure  1.  For  the  purpose  of  administering  the 
oncolytic  agents,  a  7-Fr,  16-cm  triple-lumen  cath- 
eter was  introduced  into  the  superior  vena  cava  via 
the  right  internal  jugular  vein.  Local  anesthesia  was 
accomplished  by  instillation  of  3  mL  of  1%  lido- 
caine  hydrochloride  before  catheter  insertion.  Phys- 
ical findings  were  unremarkable  and  unchanged  af- 
ter the  procedure.  The  follow-up  chest  radiograph 
is  shown  in  Figure  2.  A  third  chest  film  was  ob- 
tained approximately  1  hour  later  (Fig.  3). 


Fig.   1.  Admission  posteroanterior  chest  film  of  patient 
who  had  undergone  right  modified-radical  mastectomy. 


Ms  Medin  is  a  Critical  Care  Therapist  and  Dr  Ognibene  is  Sen- 
ior Investigator  and  Medical  Director.  Critical  Care  Therapy 
Section,  Warren  G  Magnuson  Clinical  Center.  National  In- 
stitutes of  Health,  Bethesda,  Maryland. 
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stitutes of  Health,  Bldg  10,  Room  7D43,  Bethesda  MD  20892. 


Questions  and  Answers 
on  Next  Page 


RESPIRATORY  CARE  •  JANUARY  '93  Vol  38  No  1 


125 


TEST  YOUR  RADIOLOGIC  SKILL 


Fig.  2.  Anteroposterior  chest  radiograph  taken  immedi- 
ately after  internal  jugular  catheterization  for  central  ve- 
nous access. 


Questions 

Radiographic  Finding:  What  abnormality  is  pre- 
sent in  the  follow-up  chest  film  (Fig.  2)  that  is  not 
seen  in  the  admission  film  (Fig.  1)? 

Diagnosis:  What  is  the  etiology  of  the  radiologic 
finding  in  Figure  2? 

Diagnostic  Confirmation:  Does  the  third  film 
(Fig.  3)  support  this  diagnosis? 

Corrective  Action:  What  corrective  intervention 
was  required  to  produce  the  change  seen  in  the 
third  film? 

Answers 

Radiographic  Finding:  The  follow-up  chest  radio- 
graph (Fig.  2)  shows  marked  elevation  of  the  right 
hemidiaphragm.  The  admission  film  gives  evidence 
of  metastatic  disease  in  the  increased  nodular  ap- 
pearance of  the  lungs  in  the  periphery.  The  extent 
of  disease  appears  greatest  in  the  lingular  region. 

Diagnosis:  Hemidiaphragmatic  elevation  in  this 
patient  is  most  likely  the  result  of  phrenic  nerve 
paralysis  induced  by  local  anesthesia  with  lidocaine 
hydrochloride. 


Diagnostic  Confirmation:  The  third  film  (Fig.  3) 
shows  resolution  of  the  elevation  of  the  right  dia- 
phragm and,  therefore,  confirms  the  presence  of  an 
inadvertently  induced,  transient  phrenic  nerve  par- 
alysis as  suggested  by  Figure  2. 

Corrective  Action:  In  this  case,  the  short-acting 
nature  of  lidocaine  made  clinical  intervention  un- 
necessary, and  paralysis  resolved  spontaneously. 


r 


Fig.  3.  Anteroposterior  chest  film  taken  about  1  hour  after 
film  shown  in  Figure  2. 


Discussion 

Cannulation  of  the  internal  jugular  vein  for  cen- 
tral venous  access  is  a  relatively  low-risk  proced- 
ure. Indeed,  the  internal  jugular  is  the  vessel  of 
choice  due  to  the  low  incidence  of  pneumothoraces 
compared  with  other  routes  of  access.  However,  it  is 
not  without  other  complications  as  presented  here. 

Because  of  the  right  phrenic  nerve's  proximity 
to  the  internal  jugular  vein,  it  is  anatomically  vul- 
nerable to  inadvertent  puncture  or  anesthetic  par- 
alysis. Internal  jugular  cannulation  requires  that  a 
needle  be  inserted  deep  into  the  neck  just  at  the  lev- 
el at  which  the  phrenic  nerve  traverses  the  anterior 
scalene  muscle.1  Through  transsection  of  the  inter- 
nal jugular  vein  and  because  the  phrenic  nerve  is 


126 


RESPIRATORY  CARE  •  JANUARY  "93  Vol  38  No 


TEST  YOUR  RADIOLOGIC  SKILL 


just  posterior  and  lateral  to  the  vein  at  this  point, 
trauma  to  or  anesthetization  of  the  nerve  can  occur. 
Iatrogenic  phrenic  nerve  paralysis,  such  as  that 
seen  in  this  patient,  has  been  previously  doc- 
umented.2"7 Vest  et  al2  and  Hadeed  and  Brown4  re- 
ported damage  to  the  phrenic  nerve  that  occurred 
after  repeated  attempts  at  cannulation.  External 
compression  of  the  nerve  by  a  hematoma  was  the 
cause  of  temporary  paresis  described  by  Depierraz 
et  al.5  Other  reports  have  been  published  asso- 
ciating phrenic  nerve  paralysis  with  subclavian  ve- 
nous catheterization  and  brachial  plexus  anesthesia. 

Still  other  conditions  exist  that  can  cause  either 
unilateral  or  bilateral  diaphragmatic  paralysis.  These 
include  mediastinal  or  bronchogenic  masses  pro- 
ducing a  compressive  neuropathy,  poliomyelitis  or 
pachymeningitis  infections,  pulmonary  infarction, 
lead  poisoning,  cervical  spondylitis,  or  any  surgical 
procedure  involving  the  neck  or  mediastinum.8  In 
this  last  category,  hematomas,  which  may  cause 
phrenic  nerve  compression,  are  the  most  common 
complication  associated  with  internal  jugular  can- 
nulation.g  Additionally,  the  frequency  of  such  com- 
plications increases  with  repeated  attempts  at  can- 
nulation.24 The  diagnosis  of  diaphragmatic  paraly- 
sis is  confirmed  by  fluoroscopy.  Using  this  radio- 
graphic technique,  the  lack  of  movement  or  par- 
adoxical movement  of  the  diaphragm  is 'readily 
seen. 

The  morbidity  of  unilateral  hemidiaphragmatic 
paralysis  is  minimal.  Symptoms  include  dyspnea 
and  tachypnea  (with  or  without  hypoxemia)  and 
shoulder  neuralgia.  The  physical  exam  reveals  de- 
creased or  absent  breath  sounds  on  the  affected 
side,  immobility  of  the  affected  hemidiaphragm, 
and  a  thoracic  breathing  pattern.  Occasionally,  the 
paralyzed  side  may  demonstrate  a  paradoxical  rise 
during  inspiration.8  In  addition  to  the  elevation  of 
the  hemidiaphragm,  atelectasis  may  be  seen  on  the 
affected  side  on  the  chest  radiograph. 

The  outlook  in  our  case  as  for  most  other  pa- 
tients with  iatrogenically  induced  hemiparesis  is 
excellent.  The  duration  of  blockade  of  lidocaine  in 
centrally  located  peripheral  nerves  is  approximate- 
ly 120  minutes.10  Thus,  recovery  is  usually  com- 
plete in  1  to  3  hours.  However,  for  those  patients  in 


whom  trauma  to  the  nerve  has  occurred,  a  long, 
slow  recovery  is  expected,  and  those  patients  with 
complete  transsection  of  the  nerve  will  never  re- 
gain function  of  their  diaphragms.  Compression 
paralysis  requires  that  the  source  of  compression  be 
removed.  Recovery  depends  on  the  resolution  of 
the  compression. 

Despite  their  low  incidence  following  phrenic 
nerve  paralysis,  diaphragm  hemiparesis,  dyspnea, 
and  hypoxemia  can  occur.  These  pulmonary  com- 
promises may  be  poorly  tolerated  in  those  with  car- 
diorespiratory disease.  It  is  essential  that  venous 
catheterization  procedures  be  monitored  closely 
and  that  there  be  careful  follow-up,  including  a 
chest  radiograph,  to  ensure  patient  safety. 
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PFT  Corner  #48— 
An  Uncommon  Variant  of  an  Upper-Airway  Disorder 

Jack  Wanger  RPFT  RRT  and  William  R  Beam  MD 


A  39-year-old  woman  who  had 
never  smoked  was  referred  to  our 
outpatient  clinic  with  the  chief  com- 
plaint of  disabling  chronic  cough. 
She  gave  no  previous  history  of  pul- 
monary or  sinus  disease  and  denied 
symptoms  of  seasonal  or  perennial 
allergies.  Additionally,  she  denied 
symptoms  of  gastroesophageal  reflux 
and  was  using  no  medications.  She 
denied  constitutional  complaints.  Her 
symptoms  of  paroxysmal,  nonpro- 
ductive cough  began  after  she  re- 
turned to  work  following  a  leave  of 
absence  to  undergo  a  hysterectomy. 
She  was  employed  as  a  quality  con- 
trol inspector  at  a  factory  involved  in 
the  manufacture  of  plastic  computer 
parts.  She  had  been  symptomatic  for 
4  weeks  when  her  family  physician 
made  a  diagnosis  of  "bronchitis"  and 
prescribed  an  inhaled  beta  agonist 
and  later,  an  inhaled  corticosteroid. 
These  measures,  in  addition  to  an  8- 
week  leave  from  work,  were  unsuc- 
cessful in  controlling  her  cough.  Al- 
though she  denied  dyspnea  related  to 
cold  air  or  exercise,  she  did  report 
hoarseness  and  associated  the  cough 
with  exposure  to  chemicals  used  at 
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the  factory.  Prior  to  referral  to  our 
clinic,  she  had  been  terminated  from 
her  job. 

During  the  evaluation,  she  was 
noted  to  have  an  intermittent,  dry 
cough  during  conversation.  Her 
physical  examination  was  note- 
worthy for  the  absence  of  naso- 
pharyngeal pathology  and  the  pres- 
ence of  clear  vesicular  breath  sounds 
without  wheezes,  rhonchi,  or  crack- 
les. Cardiac  examination  results  and 
her  chest  radiograph  were  normal. 
Pulmonary  function  studies  were  per- 
formed and  the  results  are  shown  in 
Table  1  and  Figure  1 . 

Table  1.  Results  of  Pulmonary  Function 
Tests  before  and  after  Bron- 
chodilator  (Albuterol)  on  39- 
Year  Old  Woman 


Test 


Before  After 


TLC (L) 


5.66  (110)*       5.43 


TGV(L)  2.75      (97)       2.43 

RV(L)  2.45    (145)       2.40 

FVC(L)  3.24      (83)       3.04 

FEV,  (L)  2.62      (80)       2.59 

FEV,/FVC(7)  81  85 

FEF5o/FIF5o(%)         1.35  2.00 

Raw 
(cmFbOsL1)      2.44  1.16 

sGaw 
(L/cmtTOsL-1)  0.23  0.26 

Dlco 

(mL  •  min  ■  torr)  26.55      (95) 
Dlco/Va  5.95    (106) 


^Values   in   parentheses   are   percent  of 
predicted. 


Volume  (L) 

Fig.  1.  The  flow-volume  relationships 
for  a  39-year-old  woman  with  asthma 
symptoms.  The  hatched  line  is  the 
reference  (predicted)  relationship. 
The  solid  line  is  the  flow-volume 
curve  prior  to  an  inhaled  albuterol 
treatment.  The  dashed  line  is  the 
flow-volume  curve  after  albuterol. 


Questions 

1.  How  do  you  interpret  the  pul- 
monary function  test  results? 

2.  What  other  pulmonary  function 
tests  are  indicated? 

Answers  and  Discussion 

1.     Interpretation    of    PFT:     The 

pulmonary  function  tests  show  mild 
overdistention  (increased  RV).  nor- 
mal airflow,  normal  diffusing  capac- 
ity, and  no  significant  response  to 
bronchodilator.  The  reduced  inspira- 
tory flows  and  increased  FEF50/FIF50 
are  consistent  with  variable  extra- 
thoracic  obstruction. 
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2.  Additional  Tests:  Although  the 
patient  denied  episodes  of  wheezing 
or  dyspnea  and  demonstrated  no 
bronchodilator  response  on  her  tests 
(Table  1),  a  bronchial  provocation 
(challenge)  test  is  indicated.  Chronic 
cough  is  most  commonly  due  to  one 
of  four  disorders:  postnasal  drip, 
asthma,  chronic  bronchitis,  or  gastro- 
esophageal reflux.1-2  History,  phys- 
ical examination,  and  methacholine 
inhalational  challenge  were  diag- 
nostic in  86%  of  patients  in  one  large 
series  of  patients  with  chronic 
cough.'  Additionally,  chronic  cough 
has  been  reported  as  the  only  symp- 
tom of  asthma  in  some  patients  with 
normal  spirometry  but  airways 
hyperresponsive  to  methacholine.' 

A  fiberoptic  evaluation  of  the  pa- 
tient's nasopharynx  and  large  air- 
ways may  be  indicated  in  light  of  the 
flattening  of  the  inspiratory  portion 
of  the  flow-volume  loop  (Fig.  1 ).  Al- 
though the  diagnostic  yield  of  fib- 
eroptic bronchoscopy  in  patients 
with  chronic  cough  and  a  normal 
chest  radiograph  is  low,1-2  the  flow- 
volume  characteristics  suggest  the 
presence  of  a  variable  extrathoracic 
obstruction. 

Results  of  Additional  Tests 

A  bronchial  provocation  test  with 
methacholine  was  performed.  The  re- 
sults (Table  2  &  Fig.  2)  show  no 
clinically  important  airways  hyper- 
responsiveness,  with  PC 2o  FEV,  = 
14.4).  (A  PC2„  FEV,  >  8  suggests 
normal  responsiveness.)  Sinus  radio- 
graphs and  24-hour  esophageal  pH 
monitoring  revealed  no  evidence  of 
sinusitis  or  gastroesophageal  reflux. 
A  fiberoptic  bronchoscopy  revealed 
a  normal  trachea,  normal  airway 
anatomy,  and  no  endobronchial  le- 
sions or  ulceration.  The  carina  was 
biopsied  during  the  bronchoscopy 
and  results  were  normal.  However, 
an  additional  interesting  finding  was 
noted.  Prior  to  the  endobronchial  in- 
spection, the  vocal  cords  were  exam- 


ined. Although  both  cords  appeared 
to  move  without  paralysis,  the  pa- 
tient demonstrated  notable  vocal 
cord  adduction  with  inspiration  and 
nearly  complete  closure  of  the  vocal 
cords  with  expiration. 

Table  2.  Results  of  Bronchial  Provo- 
cation Test  Using  Inhaled 
Methacholine  in  a  39-Year- 
Old  Woman* 


Dose  (mg/ 

mL) 

FEV, 

% 
Changet 

Baseline 

2.77 

_ 

Diluent 

2 

68 

- 

0.31 

2 

70 

+  1 

0.62 

2 

67 

0 

1.25 

2 

70 

+  1 

5.00 

2 

38 

-11 

10.00 

2 

23 

-17 

25.00 

is  14.4 

2 

01 

-33 

*The  PC:o 

FEV, 

mg/mL 

.  See  Fig- 

ure  2. 

t%  change  from  diluent 

B        D      03,   062    125    2  50     5.0     100    25  0 

Methacholine  Dose  (mg/mL) 
Fig.  2.  Graph  of  results  of  the  metha- 
choline provocation  test.  The  % 
change  in  FEVi  is  calculated  from  the 
FEVi  measured  after  inhalation  of  the 
saline  diluent  (D).  The  dosing  begins 
at  0.31  mg/mL  and  increases  in  dou- 
bling increments  up  to  25  mg/mL.  A 
greater  than  20%  fall  in  FEVt  was  ob- 
served after  the  25  mg/mL  dose.  The 
PC20FEV,  is  14.4  mg/mL. 

Discussion 

In  the  current  literature,  vocal 
cord  dysfunction  is  not  usually  listed 
as  a  cause  of  chronic  cough,' 2  and 
the  symptom  of  cough  is  not  com- 
monly listed  in  descriptions  of  vocal 


cord  dysfunction.46  Our  patient's 
condition  may  represent  an  un- 
common variant  of  an  uncommon 
syndrome.6"8  Patients  with  vocal  cord 
dysfunction4  have  had  their  condition 
reported  as  Munchausen's  stridor," 
factitious  asthma,'0  and  emotional 
laryngeal  wheezing.6  The  clinical 
features  attributed  to  vocal  cord  dys- 
function differ  in  some  series  but  can 
be  described  as  inspiratory  or  ex- 
piratory vocal  cord  dysfunction,  or 
both.5 

Inspiratory  vocal  cord  dysfunc- 
tion is  usually  characterized  by  in- 
spiratory wheezing  resulting  from  in- 
appropriate adduction  of  the  vocal 
cords.  The  flow-volume  loop  is  ab- 
normal with  evidence  of  variable  ex- 
trathoracic obstruction  (ie.  flat  inspir- 
atory portion  and  increased  FEFW 
FIF50).8 

Expiratory  vocal  cord  dysfunction 
(vocal  cords  are  adducted  during  ex- 
piration, but  glottis  widens  during  in- 
spiration) is  usually  characterized  by 
expiratory  wheezing.  During  sympto- 
matic episodes,  respiration  often  oc- 
curs close  to  residual  volume  and 
spirometry  results  are  variable. 

Inspiratory  and  expiratory  vocal 
cord  dysfunction  may  have  both  in- 
spiratory and  expiratory  wheezes, 
which  are  commonly  loudest  over 
the  larynx.  Laryngoscopy  when  per- 
formed during  wheezing  shows  al- 
most complete  adduction  of  the  vo- 
cal cords  throughout  the  respiratory 
cycle.  Spirometry  results  are  mis- 
leading and  generally  are  variable, 
with  poor  reproducibility.  In  fact,  the 
pronounced  variability  in  spirometric 
tests  may  be  a  useful  clue  to  the  diag- 
nosis. The  flow-volume  loop  com- 
monly shows  variable  extrathoracic 
obstruction  but  also  additional  ex- 
piratory limitation.5 

Patients  with  vocal  cord  dysfunc- 
tion are  usually  women  between  ages 
20  and  40  years,  often  have  psycho- 
social dysfunction,  may  have  some 
medical  background,  and  tend  to  be 
educated  above  the  high  school  level.6 
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The  definitive  test  for  vocal  cord 
dysfunction  is  fiberoptic  laryngos- 
copy, ideally  during  an  exacerbation. 
Bronchial  provocation  tests  such  as 
methacholine  challenge  and  exercise 
may  induce  the  paradoxic  vocal  cord 
movement.  To  avoid  false-positive 
findings,  the  laryngoscopist  needs  to 
be  aware  that  the  vocal  cords  tend  to 
close  near  the  maximum  inspiratory 
level  (total  lung  capacity).  Addi- 
tionally, the  cords  may  adduct  on  ex- 
piration with  obstructive  disease  and 
some  other  lung  diseases.6 

In  many  cases,  acute  attacks  can 
be  relieved  with  a  helium-oxygen 
mixture  (70%  helium  and  30%  oxy- 
gen). However,  long-term  thera- 
peutic intervention  often  requires  a 
multidisciplinary  approach  involving 
physicians,  psychiatrists,  and  speech 
therapists. 

Our  patient's  vocal  cord  dysfunc- 
tion and  cough  improved  after  a  long 
course  of  speech  therapy  during 
which  she  was  taught  to  focus  her  at- 
tention away  from  the  larynx  and  in- 
spiration, to  relax  the  oropharyngeal 
muscles,  and  to  concentrate  on  active 
expiration.1*  It  remains  possible  that 
relatively  low  levels  of  chemical  ir- 
ritants played  a  role  in  triggering  our 
patient's  symptoms,  although  environ- 
mental   analysis    showed    chemical 


levels  in  the  factory  air  to  be  within 
OSHA  standards. 

In  Conclusion 

In  conclusion,  the  association  be- 
tween chronic  cough  and  vocal  cord 
dysfunction  is  rarely  reported.  Al- 
though our  patient's  cough  could 
possibly  have  been  triggered  by 
chemical  exposures  during  work,  it 
appears  more  likely  that  the  cough 
was  related  to  her  vocal  cord  dys- 
function. While  vocal  cord  dysfunc- 
tion is  an  uncommon  cause  of  chron- 
ic cough,  the  abnormal  flow-volume 
loop  combined  with  a  normal  me- 
thacholine challenge  suggests  the  di- 
agnosis. Our  case  represents  an  ex- 
ception to  the  reportedly  limited  use- 
fulness of  fiberoptic  bronchoscopy  in 
a  patient  with  chronic  cough  and  a 
normal  chest  radiograph. 
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Historical  Perspective 

The  clinical  importance  of  altering  inspiratory 
flow  patterns  remains  somewhat  cloudy  to  most 
practitioners.  Part  of  the  reason  for  this  may  be  that 
it  is  only  the  newer  and,  specifically,  the  third- 
generation  ventilators  that  have  allowed  clinicians 
to  choose  from  among  a  variety  of  flow  patterns. 
An  additional  reason  may  be  that  the  literature  on 
the  subject  has  been  sporadic,  extending  over  a  pe- 
riod of  years,  beginning  in  1947  with  Cournand 
et  al's  work  on  pressure  curves.1  However,  there 
has  been  a  surprising  amount  of  literature  in  that 
time  reporting  the  results  of  research  on  inspiratory 
flow  patterns.  Cournand' s  work  established  that 
higher  mean  airway  pressures  (Paw)  result  in  low- 
ered cardiac  output.  Accordingly,  pressure  curves, 
which  can  be  varied  by  changing  the  flow  pattern, 
can  influence  cardiac  output  by  increasing  or  de- 
creasing Paw.  In  a  series  of  studies,  Bergman2'4 
found  that  higher  airway  pressures  decrease  (ie, 
improve)  the  alveolar-to-arterial-oxygen  pressure 
gradient  [P(A-a)02l.  but  concluded  that  the  shape 
of  the  pressure  waveforms  was  not  important.  In 
other  words,  for  both  Cournand  and  Bergman,  it 
was  not  the  shape  of  the  pressure  curve  but  the 
mean  pressure  that  was  important.  In  fact,  the  ratio 
of  inspiratory  to  expiratory  time  (I:E)  was  con- 
sidered of  more  importance  in  determining  Paw 
than  the  shape  of  the  pressure  curve.5 


Dr  Rau  is  Professor  and  Acting  Chair,  Department  of  Car- 
diopulmonary Care  Sciences,  College  of  Health  Sciences, 
Georgia  State  University,  Atlanta.  Georgia. 


Table  1  summarizes  studies  of  inspiratory  flow 
patterns.6  18  Despite  differences  in  methodologies 
and  subject  conditions,  there  are  common  threads 
in  most  of  the  work.  (1)  Paw  is  higher  with  de- 
scending patterns  and  lower  with  ascending  ones. 
(2)  Ppeak  is  lower  with  descending  and  higher  with 
ascending  patterns.  (3)  Gas  distribution  is  im- 
proved with  descending  patterns,  as  evidenced  by 
lower  PetcO:  values.  (4)  A  descending  pattern  can 
improve  arterial  oxygenation,  either  by  improved 
gas  distribution,  higher  Paw,  or  other  mechanisms 
not  yet  elucidated.  The  work  done  in  our  laboratory 
suggests  that  the  lung  condition  influences  the  air- 
way pressures  generated  with  different  inspiratory 
flow  patterns. 

Inspiratory  Flow  Patterns  of 
Third-Generation  Ventilators 

Terminology 

The  studies  summarized  in  Table  1  supply  evi- 
dence of  the  variation  in  terms  used  to  describe  in- 
spiratory flow  patterns.  I  use  the  terminology  pro- 
posed by  Chatburn19  to  describe  operator-selectable 
waveforms  available  for  machine,  or  mandatory, 
breaths  of  specific  ventilators.  (Inspiratory  flow 
patterns  of  spontaneous  or  demand-flow  breaths  are 
not  addressed.)  Machine  breaths  are  those  de- 
livered in  what  has  been  traditionally  termed  con- 
trol, or  assist-control  mode,  and  more  currently  re- 
ferred to  as  continuous  mandatory  ventilation 
(CMV)  or  volume-control  mode,  on  some  ven- 
tilators. Typical  tracings  of  possible  waveforms  are 
shown  in  Figure  1. 
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Inspiratory 
Waveform 


Descriptor 

Ascending 

(or  Accelerating) 


Square 


Descending 
(or  Decelerating) 


Sine 


Partial  Descending 


Partial  Ascending 


Modified  Sine 
(Descending  Half) 


Modified  Sine 
(Ascending  Half) 


Fig.  1.  Tracings  typical  of  the  various  inspiratory  wave- 
forms available  with  mechanical  ventilators. 


Rectangular:  pattern  generated  by  a  constant  flow 
throughout  inspiration;  also  referred  to  as  a  uni- 
form flowrate  or  a  square  wave. 

Descending:  pattern  generated  by  flow  that  begins 
at  peak  and  decreases  in  a  linear  manner  until  the 
end  of  inspiration;  also  referred  to  as  a  decel- 
erating waveform. 

Ascending:  pattern  generated  by  flow  that  begins 
with  a  low  value  and  increases  until  the  end  of  in- 


spiration; also  referred  to  as  an  accelerating  wave- 
form. 

Sine:  pattern  generated  by  flow  that  increases  to  a 
peak  and  then  decreases. 

For  each  of  the  ventilators  presented,  the  choices 
of  inspiratory  flow  patterns,  the  primary  cycling 
mechanism,  and  the  controls  that  set  minute  ven- 
tilation in  what  is  traditionally  termed  assist-control 
are  listed  in  Table  2.  These  variables  are  provided 
because  they  can  influence  the  effect  of  changes  in 
flow  patterns  on  the  I:E  and  inspiratory  time.  The 
flowrate  range  for  each  machine  is  also  provided  in 
Table  2. 

Infrasonics  Adult  Star 

The  VENTILATOR  SETTINGS  screen  is  accessed 
through  a  SCREEN  CHANGE  button,  and  ventilator 
setting  changes  are  selected  using  a  rotary  SELECT 
knob  to  move  the  screen  cursor  to  the  function  de- 
sired. By  depressing  the  ENTER  button,  values  are 
highlighted  for  that  function  (parameter)  and  the 
value  is  selected  by  using  the  SELECT  rotary  knob. 
Depressing  the  ENTER  button  a  second  time  com- 
pletes the  selection.  The  available  inspiratory  flow 
patterns  are  shown  in  Figure  1  and  can  be  de- 
scribed as 

Rectangular — delivers  a  constant  flow  at  the  pre- 
set peak  flow  setting. 

Descending — flow  begins  at  the  preset  peak  flow 
value  and  decreases  linearly  to  30%  of  the  peak 
flow. 

Ascending — flow  begins  at  30%  of  the  preset  peak 
flow  value  and  increases  linearly  to  the  peak  flow 
value. 

Sine — flow  begins  at  30%  of  the  preset  peak  flow 
value,  increases  to  peak  flow,  and  then  decreases 
back  to  30%  of  the  peak  flow,  describing  the  wave- 
form of  a  sine  function. 

Bear  2  and  Bear  3 

The  inspiratory  waveform  is  controlled  by  the 
toggle  switch  on  the  front  panel.  The  two  wave- 
forms are 
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Rectangular — a  constant  inspiratory  flow  is  de- 
livered during  inspiration  at  the  preset  peak  flow. 

Descending — flow  begins  at  the  preset  peak  flow 
value  and  decreases  as  pressure  in  the  patient  cir- 
cuit increases.  Thus,  the  form  is  somewhat  variable 
because  it  depends  on  the  level  of  back  pressure.  At 
120  cm  H:0,  the  peak  flow  is  reduced  to  50%  of  its 
preset  value. 

Bear  5 


Rectangular — flow  is  delivered  at  a  constant  value 
during  inspiration  and  is  determined  by  the  oper- 
ator-selected peak  flow  value. 

Descending — flow  begins  at  the  preset  peak  flow 
value  and  decreases  to  an  end-inspiratory  value  of 
5  L/min. 

Sine — flow  begins  at  5  L/min,  increases  to  the  pre- 
set peak  flow  value,  and  then  decreases  back  to 
5  L/min. 


The  four  possible  inspiratory  flow  patterns  are 
selected  by  pressing  the  waveform  illustration  on 
the  membrane  touch  pad. 

Rectangular — constant  flow  is  delivered  at  the 
peak  flow  setting. 

Descending — flow  begins  at  the  preset  peak  flow 
value  and  decreases  linearly  to  50%  of  the  peak  flow. 

Ascending — flow  begins  at  50%  of  the  peak  flow 
setting  and  increases  linearly  to  the  preset  peak  flow. 

Sine — flow  is  delivered  from  zero  to  the  peak  flow 
setting  and  then  back  to  zero  in  a  form  approx- 
imating a  sine  function. 

Bird  8400ST 

Inspiratory  flow  pattern  is  selected  by  use  of  a 
front-panel  knob,  that  also  selects  the  mode  to  be 
used.  Two  waveforms  are  available  in  both  assist- 
control  and  SIMV  modes. 

Rectangular — flow  is  delivered  at  a  constant  rate 
throughout  inspiration  at  the  selected  peak  flow  set- 
ting. 

Descending — flow  begins  at  the  peak  flow  setting 
and  then  decreases  linearly  to  one  half  of  the  peak 
flow  setting. 

Puritan-Bennett  7200 

Three  inspiratory  flow  patterns  are  available  for 
selection  from  illustrated  waveforms  on  the  mem- 
brane touch  pad. 


Hamilton  Veolar 

The  Hamilton  Veolar  offers  the  greatest  number 
of  operator-selectable  inspiratory  waveforms  among 
the  current  generation  of  ventilators,  with  seven 
patterns  from  which  to  choose.  Inspiratory  flow 
patterns  are  accessed  by  use  of  a  front-panel  con- 
trol labeled  with  illustrations  of  the  waveforms.  In 
the  time-cycled  Veolar,  inspiratory  time  remains 
unchanged  when  the  inspiratory  waveform  is 
changed. 

Rectangular — flow  is  constant  during  inspiration 
and  is  determined  by  the  tidal  volume  (Vt)  selected 
and  the  inspiratory  time  (ti)  that  results  from  the  in- 
teraction between  the  selected  rate  (f)  and  I:E. 

Ascending — flow  begins  at  baseline  (zero)  and  for 
comparable  settings  for  Vt,  I:E,  and  f  increases  to 
twice  the  rectangular  wave  value,  to  deliver  the  Vt 
in  the  same  t,. 

Descending — for  comparable  Vt,  I:E,  and  f.  flow 
begins  at  twice  the  rectangular  wave  value  and  de- 
creases to  zero. 

Sine — for  comparable  Vt,  I:E,  and  f,  flow  begins 
at  zero,  increases  to  157%  of  the  rectangular  wave 
value,  and  then  decreases  back  to  zero,  in  a  si- 
nusoidal pattern  when  graphed  against  time. 

50%  descending — for  comparable  Vt,  I:E,  and  f. 
flow  begins  at  133%  of  the  rectangular  wave  value 
and  decreases  to  66%  at  end-inspiration. 

Modified  sine — for  comparable  Vt,   I:E,   and  f, 

flow  begins  at  zero,  increases  to  133%  of  the  rec- 
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tangular  wave  value  at  the  first  third  of  inspiration 
and  then  decreases  back  to  zero. 

50%  ascending — for  comparable  Vt,  I:E,  and  f, 

flow  begins  at  66%  of  the  rectangular  wave  value 
and  increases  to  133%  at  the  end  of  inspiration. 

Hamilton  Amadeus 

The  Hamilton  Amadeus  is  a  simplified  version 
of  the  Veolar.  The  usual  inspiratory  flow  pattern  is 
the  rectangular  waveform,  although  a  second  pat- 
tern is  available  by  use  of  an  Options  (DIP)  switch 
on  the  rear  of  the  machine.  The  second  flow  pattern 
is  the  choice  of  the  purchaser  and  can  be  any  one  of 
the  remaining  six  waveforms  described  for  the  Ve- 
olar. The  ventilator  is  configured  for  this  pattern  by 
the  manufacturer  prior  to  delivery.  If  the  purchaser 
does  not  specify  the  second  flow  pattern,  the  50% 
descending  pattern  is  the  standard  default.  When 
Option  Switch  9  is  in  the  ON  position,  the  rec- 
tangular pattern  is  changed  to  the  second,  or  al- 
ternate, pattern  chosen  by  the  user.  The  rectangular 
pattern  and  the  other  six  flow  patterns  available  are 
the  same  as  described  for  the  Veolar. 

Sechrist  Model  2200B 


tangular  flowrate  value  for  the  first  50%  of  the  in- 
spiratory time,  and  then  maintains  that  flowrate  for 
the  remaining  pre-set  inspiratory  time. 

Descending — for  comparable  Vt,  I:E,  and  f,  flow 
begins  at  1.33  times  the  rectangular  flowrate  value 
and  maintains  that  value  for  50%  of  the  inspiratory 
time;  then  the  flow  decreases  to  0  L/min  in  the  last 
50%  of  the  inspiratory  time. 

Siemens  Servo  900C 

The  Servo  900C,  as  well  as  the  Servo  900B,  of- 
fers two  inspiratory  flow  patterns,  which  can  be  ac- 
cessed by  means  of  the  toggle  switch  on  the  front 
panel. 

Rectangular — flow  is  delivered  at  a  constant  rate 
during  inspiration  and  is  determined  by  the  Vt  to 
be  delivered  (which  is  derived  from  the  minute  vol- 
ume divided  by  the  rate  setting)  and  the  ti  per- 
centage set. 

Sine — the  sine  is  an  approximate  sine  pattern,  in 
which  flow  goes  from  baseline  to  1 .5  times  the  rec- 
tangular wave  value  (for  comparable  Vr,  I:E,  and  f) 
and  then  back  to  baseline. 


The  Sechrist  Model  2200B  adult  ventilator  is  a 
recent  microprocessor-controlled,  volume-preset, 
time-cycled  entry  into  the  ventilator  market.  This 
machine  offers  a  choice  of  four  inspiratory  flow 
waveforms,  accessed  through  a  SETUP  key  using 
Routine  3.  A  numbered  list  of  waveforms  is  then 
displayed  in  a  40-character  message  window  and 
selected  through  entry  of  the  appropriate  number.  As 
with  most  microprocessor-controlled  units,  the  se- 
lection is  completed  by  depressing  the  ENTER  key. 

Rectangular — flow  is  constant  throughout  the  in- 
spiratory phase,  and  determined  by  the  operator-set 
Vj  and  ti. 

Sine — for  comparable  Vt,  I:E,  and  f,  flow  in- 
creases from  zero  to  1 .4  times  the  rectangular  flow- 
rate  value  and  then  decreases  back  to  zero. 

Ascending — for  comparable  Vr.  I:E,  and  f,  flow 
begins  at  0  L/min,  increases  to  1.33  times  the  rec- 


Siemens  Servo  300 

The  Servo  300  has  no  operator-selectable  panel 
control  to  allow  choice  of  an  inspiratory  flow  pat- 
tern. A  preselected  Vt  is  delivered  during  an  oper- 
ator-set tj.  The  primary  controls  for  a  machine 
breath  in  assist-control,  or  VOLUME  CONTROL  to 
use  the  Servo  label,  are:  Vt,  f,  ti%,  and  pause  time 
%.  Flow  is  normally  delivered  at  a  constant  rate, 
with  the  flowrate  value  determined  by  the  Vj  and 
tj.  For  example,  a  volume  of  0.8  L  delivered  in  1 
second  requires  a  flow  of  0.8  L/s,  or  48  L/min. 
However,  the  Servo  300  allows  a  certain  mod- 
ification or  'shaping'  of  the  rectangular  wave  pat- 
tern. The  first  modification  is  by  use  of  a  panel 
control  labeled  the  INSPIRATORY  RISE  TIME  %. 
With  this  control,  the  operator  can  slow  the  rate  of 
flow  increase  to  the  peak  value  of  the  rectangular 
waveform.  The  control  is  graduated  from  0  to  10, 
indicating  the  percentage  of  the  breath  cycle  time 
needed  to  reach  the  peak  flow.  For  example,  with 
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an  f  of  12  breaths/min,  the  breath  cycle  time  is  5 
seconds.  Setting  the  INSPIRATORY  RISE  TIME  at 
10%  creates  a  0.5-second  period  during  which  flow 
increases  from  0  to  a  peak  value.  Flow  then  re- 
mains constant  until  the  Vj  is  delivered.  The  peak 
flow  value  adjusts  to  maintain  the  preset  in- 
spiratory time.  In  effect,  a  pattern  is  created  that 
shows  an  upward  ramp  and  then  levels  off  to  a  rec- 
tangular form.  INSPIRATORY  RISE  TIME  can  also  be 
used  in  SIMV,  pressure  support,  and  pressure  con- 
trol modes. 

A  second  modification  to  the  inspiratory  flow 
can  occur  in  response  to  patient  demand,  with  vol- 
ume-control mode.  If  a  patient's  inspiratory  effort 
lowers  the  monitored  airway  pressure  below  the  set 
PEEP  level,  the  ventilator  is  put  on  a  demand-flow 
basis  and  delivers  whatever  flow  is  needed  (within 
the  limits  of  the  machine,  up  to  180  L/min)  to 
maintain  the  set  PEEP  level.  There  are  several 
'stopping  rules'  to  terminate  this  "pressure- 
regulated"  flow,  which  can  be  found  in  the  Oper- 
ator's Manual.2" 

Considerations  in  Choosing  an  Inspiratory 
Flow  Pattern 

The  mechanical  properties  of  the  lungs  in  re- 
lation to  the  mechanical  movement  of  gas  into  the 
lung  are  the  basis  for  the  pressures  generated  dur- 
ing inspiration.  This  includes  both  Ppeak  and  Paw. 
During  inspiration,  pressure  is  generated  by  flow 
meeting  the  resistance  of  the  airway  and  the  gas 
volume  overcoming  the  elastic  recoil  of  the  lung.  A 
more  precise  statement  is  seen  in  the  following 
equation: 

Peak  pressure  =  (Flow)(Raw)  +  (VxKElastance). 

where  Raw  is  airway  resistance  in  cm  H2O  ■  s  ■  L_l,  and 
elastance  is  pressure/volume,  usually  in  units  of  L/cm 
H20. 

The  shape  of  the  inspiratory  flow  pattern  as  it  de- 
livers the  Vj  determines  the  shape  of  the  pressure 
curve  and.  especially,  the  peak  pressure  generated. 
This  can  be  predicted  by  the  clinician.  For  ex- 
ample, in  an  ascending  flow  pattern,  the  highest 
flow  is  at  the  end  of  inspiration;  therefore,  the  high- 
est pressure  due  to  flow  and  resistance  occurs  then. 
At  the  same  time,  the  volume  delivered  is  largest  at 


the  end  of  inspiration;  so.  the  highest  pressure  due 
to  volume  and  elastance  is  at  the  end  of  inspiration. 
Because  with  an  ascending  pattern  the  maximum 
pressures  due  to  flow  and  volume  coincide  in  the 
inspiratory  cycle,  the  ascending  pattern  generates 
the  highest  peak  pressure  compared  to  the  other 
flow  patterns.  However  Paw  tends  to  be  less  be- 
cause most  of  the  pressure  generated  occurs  at  only 
the  one  point  in  the  cycle.  This  has  been  verified  in 
the  studies  reviewed  at  the  beginning  of  this  paper. 
In  contrast,  a  descending  flow  pattern  generates  the 
most  pressure  due  to  flow  at  the  beginning  of  in- 
spiration when  pressure  from  elastance  and  volume 
is  low,  whereas  pressure  from  volume  and  elas- 
tance increases  toward  the  end  of  inspiration.  Be- 
cause these  pressures  are  generated  at  opposite 
ends  of  the  inspiratory  phase,  peak  pressure  tends 
to  be  lower,  but  mean,  or  overall,  pressure  during 
inspiration  is  more  constant  and  higher. 

For  other  flow  patterns,  such  as  the  sine,  square, 
and  modifications  to  the  ascending  and  descending 
patterns,  peak  pressure  increases  and  mean  pres- 
sure decreases  as  the  highest  point  of  flow  in  the 
pattern  moves  from  the  beginning  to  the  end  of  the 
inspiratory  cycle. 

With  high  airway  resistance  situations,  such  as 
in  severe  asthma  or  tracheal  stenosis  or  other  ob- 
structions, peak  pressures  can  be  reduced  by  avoid- 
ing any  pattern  with  a  high  peak  flowrate.  In  a 
time-cycled  ventilator  with  constant  inspiratory 
time,  a  partial  descending  or  a  rectangular  flow  pat- 
tern give  lower  peak  pressures  than  a  full  de- 
scending pattern.  With  a  constant  inspiratory  time, 
the  full  descending  form  requires  a  higher  peak 
flow  at  the  beginning  of  the  breath  to  deliver  the 
Vt.  For  example,  using  the  Hamilton  Veolar,  a  1-L 
volume  in  1  second  gives  the  following  peak  flow 
values  for  the  waveforms  indicated. 

rectangular  60  L/min 

50%  descending  80  L/min 

sine  94  L/min 

full  descending  120  L/min 

It  is  interesting  to  note  that  the  descending  flow 
pattern  is  similar  to  the  variable  flow  pattern  during 
pressure-control  ventilation  and  even  pressure  sup- 
port. The  resulting  pressure  curve  is  also  similar  to 
the  constant  pressure  seen  with  these  modes.  This 


38 


RESPIRATORY  CARE  •  JANUARY  '93  Vol  38  No 


KITTREDGE'S  CORNER 


constant  pressure  may  be  at  least  partially  re- 
sponsible for  the  beneficial  effects  of  improved  gas 
distribution  and  better  PaO:  values  seen  in  some 
studies  with  a  descending  flow  pattern."101215 

A  final  consideration  in  choosing  inspiratory 
flow  patterns  is  the  effect  of  flow  pattern  change  on 
I:E.  In  time-cycled  machines,  such  as  the  Hamilton 
Veolar  or  the  Sechrist  2200B,  changing  from  a  rec- 
tangular, or  constant,  flow  to  a  varying  flow  does 
not  change  the  I:E,  which  is  fixed.  If  the  flow  is 
lower  than  constant  rectangular  flow  at  some  point 
in  the  inspiratory  phase,  then  the  flow  must  be 
higher  at  some  other  point,  to  deliver  the  volume  in 
the  same  time  limit.  For  example,  if  the  rectangular 
flow  is  60  L/min,  a  full  descending  pattern  must  be 
120  L/min  at  the  beginning  of  inspiration  because 
the  flow  decreases  to  0  at  the  end  of  inspiration. 
Otherwise  the  volume  cannot  be  delivered  in  the 
set  time.  By  the  same  reasoning,  a  volume-cycled 
machine  does  not  fix  the  I:E  and  the  tj.  The  peak 
flow  is  set  by  the  operator  as  a  primary  ventilatory 
control  as  indicated  in  Table  2.  If  the  peak  flow 
value  does  not  change  from  the  rectangular  pattern 
value  when  the  flow  pattern  is  changed,  tj  lengthens 
as  the  volume  is  delivered.  This  concept  is  illustrat- 
ed in  Figure  2  for  a  full  descending  flow  pattern, 
from  a  time-cycled  and  volume-cycled  machine. 
Peak  pressure  may  decrease  more  with  a  volume- 
cycled  machine  when  changing  from  a  rectangular 
to  a  descending  pattern,  than  with  a  time-cycled 
unit  because  tj  is  now  longer.  Critical  patients  may 
not  benefit  from  a  longer  t;  and  lower  peak  flows 
when  work  of  breathing  is  considered.  Clinicians 
should  monitor  I:E  with  flow  pattern  changes  on 
volume-cycled  machines,  and  if  necessary,  increase 
the  PEAK  FLOW  setting  to  maintain  a  suitably  short 
inspiratory  time. 

In  Summary 

Most  patients  requiring  uncomplicated  or  short- 
term  ventilatory  support  probably  can  be  adequate- 
ly ventilated  using  a  rectangular  or  sine  wave  flow 
pattern. 

Hypoxemic  patients  or  those  with  low  lung  com- 
pliance may  benefit  from  a  descending  flow  pat- 
tern, with  lower  Ppeak  and  higher  Paw. 

Patients  with  very  high  airway  resistance  may 
have  lower  Ppeak  with  a  partial  descending  or  a  rec- 
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Fig.  2.  As  an  inspiratory  flow  pattern  is  changed  from  a 
rectangular  to  a  descending  waveform,  inspiratory  time 
and  l:E  will  vary  for  a  volume-cycled  ventilator  unless  the 
peak  flow  setting  is  manually  changed.  A  full  descending 
flow  pattern  (peak  to  zero  flow)  is  illustrated.  See  text  for 
discussion. 

tangular  flow  pattern,  assuming  the  I:E  remains 
fixed. 

Clinicians  should  monitor  I:E  when  changing  in- 
spiratory flow  patterns  on  volume-cycled  ma- 
chines, to  keep  ti  at  a  suitable  value. 
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Retrospectroscope — 1975 


Pulmonary  Diffusing  Capacity  for 
Carbon  Monoxide  (Di_co) 


The  brief  inhalation  of  low,  nontoxic  concentra- 
tions of  carbon  monoxide  is  now  a  standard  pro- 
cedure in  pulmonary  function  laboratories  to  meas- 
ure the  rate  of  diffusion  of  gas  across  the  alveolar- 
capillary  membranes  of  ventilated,  perfused  alveoli, 
to  estimate  pulmonary  capillary  blood  volume,  and 
to  provide  an  index  of  the  area  and  thickness  of  the 
alveolar-capillarv  membranes  and  of  the  number  of 
capillaries  participating  in  gas  exchange.  Some  now 
believe  that  a  low  DLco  may  be  a  very  early  sign  of 
pulmonary  emphysema;  if  so,  the  CO  test  may  be 
used  widely  for  early  diagnosis  of  this  disease. 

Who  first  thought  of  using  a  toxic  gas  for  the  safe 
measurement  of  an  important  function  of  the  lung 
— and  why?  How  did  the  clinical  test  originate?  The 
story  is  divided  into  two  parts,  separated  by  a  period 
of  35  years.  Part  one  began  in  the  1890's  when 
Christian  Bohr,  the  distinguished  Danish  physiol- 
ogist, believed  that  oxygen  passed  from  alveolar  gas 
to  pulmonary  capillary  blood  by  active  secretion  as 
well  as  by  passive  diffusion.1  And  J.  S.  Haldane,  Ox- 
ford's great  respirators'  physiologist,  was  equally  con- 
vinced that  lungs  secreted  oxygen.  In  1897,  Haldane 
and  Smith2  wrote: 

In  the  animals  investigated  the  normal  oxygen  tension  in  the 
arterial  blood  is  always  higher  than  in  the  alveolar  air,  and  in 
some  animals  even  much  higher  than  in  the  inspired  air.  The  ab- 
sorption of  oxygen  by  the  lungs  thus  cannot  be  explained  by  dif- 
fusion alone. 

August  Krogh  disagreed,  even  though  Krogh  had 
been  a  student  of  Bohr's  and  was  Bohr's  assistant 
from  1899  till  1908.  In  a  series  of  experiments  that 
required  devising  the  Krogh  spirometer,  the  Krogh 
microtonometer  for  measuring  the  tension  of  gases 


Reprinted,  with  permisson  from  the  American  Lung  Association. 
from  Am  Rev  Respir  Dis  1975;111:225-228.  Further  information 
about  the  Retrospectroscope  series  is  found  in  the  editorial  on 
Page  29  of  this  issue  of  Respiratory  Care. 


in  arterial  blood,  and  the  Krogh  bicycle  ergometer, 
August  and  his  wife,  Marie  Krogh,  systematically  dis- 
proved the  theory  of  oxygen  secretion.  A.  Krogh's 
1910  experiments  led  him  to  the  unqualified  con- 
clusion that  "The  absorption  of  oxygen  and  the 
elimination  of  carbon  dioxide  in  the  lungs  takes 
place  by  diffusion  and  diffusion  alone.  There  is  no 
trustworthy  evidence  of  any  regulation  of  this  pro- 
cess on  the  part  of  the  organism."3  But  Marie  Krogh 
still  believed  it  necessary  to  prove  that  diffusion 
alone  was  also  sufficient  to  account  for  the  maximal 
transfer  of  oxygen  during  severe  muscular  exercise 
and  for  the  transfer  of  oxygen  when  alveolar  POg 
was  low.  This  she  did  in  her  1914  M.D.  thesis,  pub- 
lished in  1915. 4  She  started  with  the  assumption  that 
"an  essentially  indifferent  gas,  like  carbon  monox- 
ide, must  pass  through  the  alveolar  epithelium  by 
diffusion  alone — an  assumption  which  has  never 
been  questioned  by  anybody."  She  then  improved 
her  earlier  technic5  and  described  a  single-breath 
test  in  which  the  subject  first  expired  to  residual  air, 
then  inspired  deeply  from  a  spirometer  containing 
1  per  cent  CO  in  air,  then  expired  part  way,  held  his 
breath  for  6  seconds,  and  then  completed  the  ex- 
piration. She  sampled  alveolar  gas  twice  during  the 
two-stage  expiration  (at  the  beginning  and  end  of 
the  breath-holding  period)  and  measured  the  con- 
centration of  CO  in  each  sample.  From  these  and 
other  measurements,  she  calculated  the  uptake  of 
CO.  It  seems  certain  that  Marie  Krogh  devised  this 
first  quantitative  measurement  of  pulmonary  dif- 
fusing capacity  in  man  only  to  settle  a  controversy 
over  a  basic  physiologic  mechanism:  does  oxygen 
pass  from  alveolar  gas  to  blood  by  secretion  or  only 
by  diffusion?  In  her  1915  paper,  she  did  measure 
diffusing  capacity  in  22  subjects  and  in  8  patients 
with  asthma,  emphysema,  bronchitis,  tuberculosis, 
or  previous  pneumonia,  but  apparently  never  used 
the  test  seriously  for  clinical  diagnosis. 
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The  Kroghs  clearly  showed  that  two  great  physiol- 
ogists were  wrong  in  their  theory  of  Og  secretion. 
But  even  so,  each  of  the  two  played  an  important 
role  in  developing  Marie  Krogh's  CO  test  (in  addi- 
tion to  provoking  her  to  devise  the  test  to  prove  con- 
clusively that  they  were  wrong!);  each  provided  tools 
and  knowledge  that  M.  Krogh  needed.  Haldane  had 
done  important  work  on  CO,  had  determined  that 
hemoglobin  had  a  very  high  affinity  for  CO  com- 
pared to  O9,  and  that  CO  (apart  from  combining 
with  hemoglobin)  was  a  physiologically  indifferent 
gas  that  did  not  enter  into  chemical  reactions  with 
tissues  and  could  move  through  tissues  only  by  diffu- 
sion. And  Haldane  (with  Priestley)  had  developed  a 
technic  to  sample  alveolar  gas,  and  M.  Krogh  had  to 
obtain  and  analyze  alveolar  gas  to  calculate  the 
amount  of  CO  transferred  during  the  6-second 
breath-holding  period. 

As  for  Bohr — Lilienthal  and  Riley1'  credit  him 
with  laying  the  foundation  for  all  methods  that  mea- 
sure pulmonary  diffusing  capacity,  whether  for  O9 
or  for  CO.  Gas  diffuses  from  alveoli  to  blood  in  pul- 
monary capillaries  only  when  the  partial  pressure  of 
the  gas  is  higher  in  alveolar  gas  than  that  in  blood. 
And  the  magnitude  of  the  difference  determines  the 
rate  of  diffusion  of  gas;  therefore,  the  rate  slows 
when  the  PO2  or  PCO  in  alveolar  gas  decreases  or 
when  the  Po2  or  PCO  of  pulmonary  capillary  blood 
increases.  Since  diffusing  capacity  is  defined  as  the 
amount  of  gas  transferred  each  minute  for  a  differ- 
ence of  one-millimeter  mercury  in  partial  pressure 
across  the  membranes,  it  is  essential  that  the  pres- 
sure difference  be  measured  accurately.  Bohr7  had 
developed  the  principles  for  calculating  the  mean 
partial  pressure  of  O9  in  pulmonary  capillar}'  blood 
(which  is  not  the  average  of  the  PO9  in  pulmonary 
artery  blood  entering  the  capillary  and  of  the  PO9  in 
pulmonary  vein  blood  leaving  the  capillary);  Bohr's 
"integration  technic"  later  (1946)  the  formed  basis 
for  Lilienthal  and  Riley's  O9  method.8  But  Bohr  also 
recognized  that,  because  of  remarkable  affinity  of 
hemoglobin  for  CO,  measurable  quantities  of  CO 
could  leave  alveolar  gas  and  combine  with  hemo- 
globin in  capillary  blood  and  all  the  while  plasma 
Pco  remained  so  low  that  it  did  not  significantly  de- 
crease the  difference  between  Pco  in  alveolar  gas 
and  in  plasma  and  hence  did  not  hinder  the  inward 
diffusion  of  CO;  this  formed  the  basis  for  M. 
Krogh's  CO  method  because  it  permitted  her  to  cal- 
culate CO  uptake,  without  the  need  to  sample 
mixed  venous  blood  (impossible  in  1914),  and  to 
measure  its  Pco. 

August  Krogh,  in  his  article  that  disproved  pul- 
monary secretion  of  O2,3  paid  this  tribute  to  Bohr,  a 
year  before  Bohr  died  in  1911: 


I  shall  be  obliged  in  the  following  pages  to  combat  the  views 
of  my  teacher  Prof.  Bohr  on  certain  essential  points  and  also  to 
criticise  a  few  of  his  experimental  results.  I  wish  here  not  only  to 
acknowledge  the  debt  of  gratitude  which  I,  personally,  owe  to 
him,  but  also  to  emphasize  the  fact,  patent  to  everybody,  who  is 
familiar  with  the  problems  here  discussed,  that  the  real  progress, 
made  during  the  last  twenty  years  in  the  knowledge  of  the  pro- 
cesses in  the  lungs,  is  mainly  due  to  his  labours  and  to  that  re- 
finement of  methods,  which  he  has  introduced.  The  theory  of 
the  lung  as  a  gland  has  justified  its  existence  and  done  excellent 
service  in  bringing  forward  facts,  which  will  survive  any  theo- 
retical construction,  which  has  been  put  or  shall  hereafter  be  put 
upon  them. 

Part  two  of  this  story  began  35  years  later.  Except 
for  a  few  isolated  uses  of  Krogh's  CO  test  by  Bar- 
croft9  and  Harrop  and  Heath,10  her  method  was  es- 
sentially forgotten  or  unused  until  1950.  In  that 
year,  I  was  asked  to  be  Editor  of  a  "methods  volume" 
on  Pulmonary  Function  Tests.11  I  designated  one 
chapter  "Gas-Blood  Diffusion."  Wiry,  if  Krogh's  work 
had  really  been  forgotten?  Entirely  because  of  a  new 
approach  by  Lilienthal,  Riley,  and  their  associates  at 
the  Naval  Air  Station  in  Pensacola  during  World 
War  II.  In  their  work  on  aviation  physiology,  they 
had  devised  direct  technics  for  measuring  PO9  and 
PCO2  of  blood  and  a  new  method  for  determining 
effective  alveolar  pressures  of  these  gases.  With 
these,  they  set  out  to  determine  whether  an  appre- 
ciable difference  in  PO2  occurs  between  alveolar  gas 
and  arterial  blood  when  man  exercises  at  high  alti- 
tude. From  this  research  came  their  elegant  1946 
paper8  reporting  on  their  brilliant,  intellectually  ex- 
citing use  of  physiologic  principles  to  measure  pul- 
monary diffusing  capacity  for  O2  (DL02)  in  man. 

So  it  was  necessary  in  1950  to  have  a  "methods 
section"  on  Gas-Blood  Diffusion  and  I  prevailed 
upon  Seymour  Kety  to  write  it.  Some  perhaps 
thought  this  was  an  inappropriate  selection  of  au- 
thor, because  Kety  was  best  known  for  his  newly  de- 
veloped method  for  measuring  cerebral  blood  flow 
in  man — pretty  far  removed  from  the  lungs.  But 
Kety's  method  required  that  his  subjects  inhale  ni- 
trous oxide  and  he  was  in  the  process  of  writing  a 
scholarly  analysis  of  gas  exchange  at  the  lungs  and 
other  tissues  for  Pharmacological  Reuiews.12  Kety  stud- 
ied all  previous  work  on  pulmonary  diffusion  of  O2 
and  CO  and  in  his  1950  article13  concluded: 

.  .  .  the  necessity  for  obtaining  samples  of  mixed  vinous  blood 
makes  it  appear  doubtful  that  the  determination  of  DOj  b) 
means  of  the  Bohr  equation  will  ever  achieve  clinical  useful- 
ness .  .  .  [My  note:  Lilienthal  and  Rilev's  1946  papci  assumed  val- 
ues for  PO2  in  mixed  venous  blood;  the  new  technic  ol  cardiac 
catheterization  made  it  possible  to  obtain  samples  oi  such  blood 
and  replace  assumed  values  with  measured  values.  I 

Marie  Krogh  brilliantrj  side-stepped  the  difficulties  inherent 
in  the  Bohr  equation  and  measured  the  diffusion  coefficient  o) 
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the  lungs  by  means  of  CO  ...  It  appears  that  the  determination 
of  Do2  by  Krogh's  method  [My  note:  by  measuring  Deo  and  cal- 
culating Do2  from  it]  would  constitute  a  practicable  and  clinically 
useful  technique  for  defining  the  diffusion  characteristics  of  the 
alveolar  membrane  in  health  and  disease. 

That  same  year,  Robert  Forster  joined  our  staff 
and  at  once  set  to  work  mastering  the  new  infrared 
meter  for  rapid  analysis  of  CO  and  our  new  mass 
spectrometer  for  rapid  analysis  of  helium.  Within  a 
relatively  short  time,  he,  with  Fowler  and  Bates,  had 
modified  Krogh's  technic  and  developed  a  rapid 
and  clinically  useful  single-breath  technic.14""1  In  the 
same  year,  Filley  independently  reported  on  his 
steady  state  CO  method.17 

What  have  we  learned  from  this  account  of  the  de- 
velopment of  a  clinical  test?  Certainly  we've  learned 
that  eminent  scientists  can  be  wrong  occasionally 
but  that  their  being  wrong  sometimes  provides  the 
stimulus  for  an  important  discovery.  We've  learned 
that  research  on  a  fundamental  physiologic  prob- 
lem can  provide  the  basis  for  a  practical  clinical  test. 
We've  learned  that  putting  good  scientists  into  re- 
search laboratories  in  wartime  can  produce  exciting 
basic  advances  and  we've  learned  the  value  of  asking 
a  brilliant,  disinterested  scientist  to  be  an  "ombuds- 
man" and  indicate  the  directions  for  future  work. 

What  we  have  not  learned  from  this  account  is 
why  there  was  a  35-year  lag  between  Krogh's  work 
and  the  development  of  a  clinical  test  of  Deo, 
which,  being  non-invasive,  did  not  have  to  wait  for 
cardiac  catheterization  in  man.  It  would  be  simple 
to  say  that  pathology  dominated  clinical  science  un- 
til the  1940's  and  few  clinicians  had  been  trained  to 
think  physiologically.  However,  A.  Krogh  and  Lind- 
hard,18  working  in  the  same  department  as  M. 
Krogh,  had  measured  pulmonary  blood  flow  (car- 
diac output)  two  years  earlier  using  essentially  the 
same  noninvasive  technic  (measuring  uptake  of  a 
soluble  "inert"  gas,  nitrous  oxide,  as  determined  by 
its  disappearance  from  alveolar  gas) — and  their  test, 
modified  in  several  ways,  was  used  in  the  1920s, 
1930s,  and  1940s  until  it  was  replaced  by  the  direct 
Fick  method. 

It  seems  that  something  inherent  in  pulmonary 
medicine  between  1915  and  1945  inhibited  the  de- 
velopment of  tests  of  pulmonary  function.  Was  it  be- 
cause pulmonary  medicine  in  the  first  half  of  the 
twentieth  century  was  really  tuberculosis  medicine 
that  required  largely  roentgenograms  and  bac- 
teriologic  tests  for  diagnosis?  All  of  us  with  a  deep 
interest  in  pulmonary  medicine  should  ponder  on 
the  reasons  for  the  long  quiet  period  in  the  early 


twentieth  century  because  "Those  who  cannot  re- 
member the  past  are  condemned  to  repeat  it." 

Julius  H.  Comroe,  Jr. 
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($5  for  AARC  Members) 
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and  spread  the  word  that  "There's  No 
Match  for  Respiratory  Health"  with 
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($2.50  for  AARC  Members) 
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Institution  . 

Address City/State/Zip 
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Advertising 
Guidelines 

To  place  recruitment  adver- 
tising, contact  Valley  Forge 
Press  at  (800)  220-4979.  Ads 
can  be  faxed  to  (215)  935- 
8208  or  mailed  to  Respira- 
tory Care,  1288  Valley  Forge 
Road,  Suite  50,  P.O.  Box 
1135,  Valley  Forge,  PA 
19482.  ■ 


NATIONWIDE 


NATIONWIDE 


MAINE 


Respiratory 
practitioner 


Immediate  opening  lor  a  full-time  CKTT  or  KRT 
Respiratory  Therapy  Department  offers  state-of-the-art 
equipment  and  the  opportunity  tor  today's  practitioner  to 
practice  the  broad  spectrum  ol  skills  they  were  trained  to 
perform  including  intuhatmn.  Aline  insertion,  ambulance 
transport.  AHt'.s.  chest  physiotherapy,  mechanical  ventila 
tion.  oximetry.  I'FTs.  How  volume  loops.  DLCO.  ERC. 
spirometries,  and  methacholine  challenge.  Flexible  call 
schedule.  Would  consider  registry  or  certification  eligible 
Excellent  benefits  package  Submit  application  to: 

Human  Resources  Department 

HOl'LTON  REGIONAL  HOSPITAL 

20  Hartford  Street 

Houlton.  Maine  04730 

An  Equal  Opportunity  Employer 


HOULTON 
REGIONAL 
HOSPITAL 


More 
Choices 


Did  you  know  StarMed  Staffing  offers  more  choices? 
Travelers  can  choose  from  hospitals  throughout  the 
U.S.  with  flexible  assignment  lengths  from  as  little  as 
two  weeks  to  13  weeks.  Plus,  paid  travel,  furnished 
housing,  career  support  and  the  most  comprehensive 
pay,  bonus  and  insurance  package  in  the  industry.  If 
you're  qualified  in  diagnostic  imaging,  clinical  labs, 
respiratory  therapy  or  surgical  technology,  call  Star- 
Med today  for  your  travel  assignment. 


&MHHD 


STAFFING 

Toll-free  1-800-ST ARMED  (782-7633) 


RELOCATION  MADE  EASY 

RRTs/CRTTs 

Finding  your  ideal  position  may  be  a  simple  phone 
call  away. 

FREE  computer  prinlouts  provided  on  healthcare 
agencies,  NATIONWIDE,  which  give  a  profile,  salary 
range  and  benefits.  A  variety  of  locations  available. 


NurseNetPlus 

1422  W.  Peachtree  St.  N.W. 

Suite  610 

Atlanta,  GA  30309 

CALL  TOLL  FREE 

800-423-7568 


GET  THE 


MM€. 


ADVANTAGE 


Call  (214)  243-2272 

For  a  Membership 

Application 
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CONNECTICUT 


CONNECTICUT 


INDIANA 


The  Smartest  Move 
You'll  Make. 

Up-to-the-minute  technology.  Innovative  medical  procedures.  Affiliations  with  three 
prestigious  colleges,  including  two  in  New  York  City.  That's  what  makes  The  Stamford 
Hospital  one  of  Connecticut's  leading  teaching  hospitals    But  even  with  so  much  to  offer, 
your  ideas  are  equally  important  to  us. 

Registered  Respiratory  Therapists 

Presently  we  have  2  positions  available  in  our  dynamic,  expanded  department: 

Full-time,  nights  position  (10  hour  shifts,  4  nights  per  week).  There  are  no  rotating  shifts 

and  you'll  enjoy  a  25%  night  shift  differential. 

Full-time,  days  position  (12  1/2  hour  shifts,  3  days  per  week). 

A  competitive  salary  and  benefits  program,  the  friendly  work  environment  of  our  305-bed 

acute  care  facility,  and  our  quiet  suburban  setting    It  all  adds  up  to  why  a  career  at  our 

hospital  is  one  of  the  smartest  moves  you'll  make.   Please  call  or  send  your  resume  to 

Elaine  Guglielmo,  Sr.  Personnel  Representative,  (203)  325-7590,  The  Stamford 

Hospital,  P.O.  Box  9317,  Shelburne  Rd.  at  West  Broad  St.,  Stamford,  CT  06904-9317 

An  equal  opportunity  employer  M/F/D/V 


The  Stamford  Hospital 


o 
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NBRC 


ENTRY 


LEVEL 


EXAMINATION 


STUDY  AIDS 


J. 


NBRC  Entry  Level  Examination 
tutorials  are  specially  written  to  help 
you  pass  two  of  the  most  difficult 
sections  of  the  examination.  Uses 
questions  now  retired  from  the  actual 
examination  question  pool  (used 
with  permission  of  Applied 
Measurement  Professionals,  Inc., 
a  wholly  owned  subsidiary  of  the 
NBRC). 

Tutorial  I:  Detecting  Equipment 
Malfunctions.  Item  CD4  —  $39.95 
ea.  (AARC  member  $29.95).  Add 
$4.50  for  shipping  and  handling. 

Tutorial  II:  Evaluate  &  Monitor 
Patient's  Response  to  Respiratory 
Care,  Assess  Patient  Response. 
Item  CD5  —  $39.95  ea.  (AARC 
member  $29.95).  Add  $4.50  for 
shipping  and  handling. 

Order  both  tutorials  and  save! 
Item  CD6  —  $75  Set  (Member  $55). 
Add  $5.50  for  shipping  and  hanOling. 

To  Order  Call  (214)  243-2272  or 
Fax  to  (214)  484-6010 


I 
I 


SLEEP/WAKE 
DISORDERS  CENTER 

At  MidWest  Medical  Center  we  are 
currently  seeking  a  Registered 
Polysomnographic  Technologist  to 
work  primarily  day  shift  in  our 
accredited  Sleep  Wake  Disorders 
Center 

We  are  seeking  a  Registered 
Polysomnographic  Technologist 
who  is  also  a  Respiratory  Care 
Practitioner  Must  be  experienced 
in  the  use  and  maintenance  of 
highly  technical  sleep  equipment 
Excellent  communication  and  cor- 
respondence skills  are  necessary 
Knowledge  of  computerized  data 
systems  is  necessary 

Salary  commensurate  with  experi- 
ence We  offer  a  comprehensive 
benefit  package  including  medical 
and  dental  insurance  and  tuition 
reimbursement 

For  consideration,  please  send 
resume  to  Jeff  Moliere,  Director, 
Pulmonary  Services,  MidWest 
Medical  Center,  3232  North 
Meridian  Street,  Indianapolis,  IN 
46208.  Or  call  (317)  927-2336  or 
toll  free  (800)  962-5819.  An  Equal 
Opportunity  Employer 


MTDVCEST 


#C-«_  *>    «-  #f  —    #: 


RESPIRATORY  CARE  •  JANUARY'93  VOL  38  No  1 


FLORIDA 


FLORIDA 


Join  one  of  the  highly  respected 
names  in  health  care 

Shands  Hospital,  a  leading  referral  center  for  the  southeastern  United  States,  is  a 

548-bed  teaching  facility  at  the  University  of  Florida  with  a  20-bed  tertiary  level  NICU 

and  high  risk  perinatal  center.  The  Respiratory  Care  Department,  in  conjunction  with  the 

University's  Division  of  Pediatric  Surgery  and  Neonatology,  seeks  the  following 

professional  to  join  the  progressive  health  care  team: 

ECMO  COORDINATOR 

Exciting  position  for  dynamic  individual  experienced  in  ECMO  to: 

■  Coordinate  all  components  of  a  growing  neonatal  Extra  Corporeal  Membrane 
Oxygenation  Program 

■  Provide  clinical  supervision  and  direct  patient  care 

■  Develop  and  implement  staff  training  and  educational  programs 

■  Contribute  to  quality  assurance  programs  and  participate  in  research 

The  successful  candidate  must  be  credentialed  as  RN  or  RRT.  or  CCP.  and  licensed  to 
practice  in  Florida,  with  a  minimum  of  two  years'  neonatal  ECMO  experience  and  one 
year  of  demonstrated  supervisory/program  management  experience.  Position  requires 
Bachelor's  degree  in  nursing  or  other  clinical  specialty. 
The  ECMO  team  is  composed  of  27  RNs  and  RRTs  and  provides  quality  care  to 
approximately  20  patients  each  year.  Future  plans  for  the  ECMO  program  include  cardiac 
and  pediatric  support.  Located  in  north  central  Florida  and  readily  accessible  to  all  of 
Florida's  amenities.  Shands  Hospital  sets  a  standard  for  highly  competitive  compensation 
and  benefits  programs.  Submit  resume  or  call: 
Joel  Young,  Employment  Coordinator 
Shands  Hospital  at  the  University  of  Florida 
PO  Box  100337,  Gainesville.  FL  32610-0337 

904/3950441  or  800/3254367  ■  EOE 
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SHANDS  HOSPITAL 

at  the  University  of  Florida 


R 

T     H 


LING 


GEORGIA 


Atlanta  Georgia 
Home  of  the  1996  Olympics 


RESPIRATORY  THERAPIST 

Department  of  Respiratory  Therapy  at  Crawford  Long 
Hospitol  of  Emory  University  seeks  experienced  respira- 
tory therapist.  We  provide  an  excellent  opportunity  with- 
in a  diverse  respiratory  care  department  with  5  intensive 
care  units  including  a  Level  III  nursery.  The  qualified  con- 
didate  will  be  o  credentialed  Respiratory  Therapist 
[C.R.T.T.  or  RRT)  and  possess  solid  decision  making  cap- 
abilities and  good  communication  skills. 
Crawford  Long  Hospital,  a  583-bed  leaching  hospital  lo- 
coled  in  Atlanta,  offers  starling  salary  commensurole 
with  experience  and  an  outstanding  benelil  package  with 
continuing  education  benefits.  For  more  information  con- 
tact Evelyn  Roper  (1  (800)  843-5759]  or  send  resume  to: 

Crawford  Long  Hospital 
of  Emory  University 

550  Peachtree  Street 

Atlanta,  GA  30365 

Attn:  Personnel 

EOE 


■:■■:■.   ■■■      , — ——^——7- 

jiiiiiiiiiiiiiiiiiiiii' 
RESPIRATORY 
THERAPISTS 

Put  your  career  on  the  move  with  Hos- 
pital Therapy  Service.  Rapidly  expand- 
ing company  needs  full  or  part  time 
respiratory  therapists  for  all  shifts  in 
Florida.  Our  ideal  candidate  will  be  a 
motivated  Therapist  experienced  in  the 
Healthcare  Industry,  particularly  in  a 
Long  Term  Care  environment.  Areas 
available  immediately  are:  Tallahassee, 
Ocala,  West  Palm  Beach,  Pompano,  Ft. 
Myers,  Bradenton,  Venice,  Clearwater, 
Dade  City,  St.  Petersburg,  Plant  City, 
Lakeland,  Winter  Haven  and  ORLAN- 
DO. Coverage  required  every  other 
weekend.  Prefer  RRT. 


Please  call 
Carol  Tomlinson 

HOSPITAL 
THERAPY  SERVICE 

813-379-0005 


We're  All  Children's  Hospital.  Tampa  Bay's 

168-bed  advanced  neonatal  and  pediatric 

care  specialty  hospital  that  lets  kids  just  be 

kids   Here,  you'll  find  a  state-of-the-art 

environment  and  a  truly  multi-disciplinary 

team  approach  to  children's  health  care 

We  currently  have  these 

opportunities  available 

Registered  Respiratory  Therapist 
Certified  Respiratory  Therapist 
Polysomnographic  Technologist 

Our  Respiratory  Therapy  Department  offers 
the  opportunity  to  work  with  all  pediatric 

subspecialties  including  Pulmonology, 
Neurosurgery,  Immunology  and  Cardiology 
A  Florida  state  license  is  required 
Experience  working  with  acute  and  non- 
acute  pediatric  patients  is  preferred 

We  offer  attractive  compensation  including 
relocation  assistance,  paid  time  off.  a  thrift 
savings  plan,  advance  tuition  assistance,  on- 
site  child  care  and  much  more    For  more 
information,  please  call  (800)  238-9770  or 
send  a  resume  to  Human  Resources.  900 
Fifth  St  South.  PO  Box 31020. 
St  Petersburg.  FL  33731-8920 
EOE/M/F/H/V 
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Please 

Support 

Respiratory 

Care 
Advertisers. 

Their 

Advertising  Dollars 

Support 

Your  Association 

and  Your  Profession. 


Use  the 

Reader  Service  Card 

for  Information  on 

Advertised  Products. 
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ILLINOIS 


ILLINOIS 


Sleep  Laboratory 
Specialist 

At  Rush-Presbyterian-St.  Luke's  Medical  Center  we  are  currently 
seeking  a  Sleep  Laboratory  Specialist  at  our  Center  for  Disorders  of  Respira- 
tory Control  in  infancy  and  childhood. 

We  seek  a  Respiratory  Practitioner  with  experience  in  the  use  and 
maintenance  of  highly  technical  equipment  and  two  years  critical  care 
experience  in  the  assessment  and  management  of  infants  and  children. 
Good  communication  and  correspondence  skills  are  necessary.  In  addition, 
familiarity  with  computerized  data  requisitions,  and  experience  in  pulmonary 
function  testing  and  EEG  recording  are  desirable. 

We  offer  an  excellent  starting  salary  and  comprehensive  benefits 
package  including  medical/dental  insurance  and  tuition  reimbursement.  For 
consideration,  please  send  resume  to  Diana  Whicaker,  Career  Consultant, 
Rush-Presbyterian-St.  Luke's  Medical  Center,  729  S.  Paulina  St.,  Chicago,  II. 
60612.  Or  call  the  department  at  (312)  942-2723.  EOE. 

■  I  ■  Rush-Presbyterian-St.  Luke's 
\|#  Medical  Center 


RESPIRATORY     THERAPIST 

America's  leading  provider  of  healthcare  equipment  for  the  home  lias  unique  opportunities 
Available  *n  both  the  North  and  West  suburbs  of  Chicago, 

You  will  instruct  patients  and  care  givers  in  the  uses  of  our  products  and  services  &  provide 
ongoing  follow- np  visits  to  assure  a  successful  home  healtf)  care  program  To  qualify,  yotr 
must  either  be  a  certified  or  registered  respiratory  therapist  with  2+  years  of  recent  experi- 
ence in  an  acute  care  setting  OR  six  months  exp,  in  home  healthcare. 
WE  OFFER 
*  Competitive  Wages  ♦  Incentive  bonus  potential « Career  growth  ladder 

ABBEY 

HOME   HEALTHCARE 
8224  North  Lehigh,  Morton  Grove,  IL  60053 
AttL  L.  Shafer  FAX:708-47047i> 

.,....,  .tyaeptoyt  no  phone  calls  please 


f  Earn  Continuing  Respiratory 
|         Care  Education  Credit 
|                  with  AARC 
\            Videoconferences 

Call  (214)  830-0061  ^ 

OKING 

CESSATION 

Intervention 

Techniques 

for  the 

Respiratory  Care 

Practitioner 


Covers  four  major 
aspects  of  smoking 
cessation  —  the  impact 
of  smoking  on  illness 
and  mortality, 
behavioral 

components,  current 
cessation  programs, 
and  effective 
intervention.  A  one 
hour  videotape  lecture 
by  Kathleen  A.  Smalky, 
MD,  MPH. 

Item  VT35  —  $40  Ea 

(AARC  Member  $35), 
add  $4.50  for  shipping 
and  handling. 

To  Order 

Call 

(214)243-2272 

or 

Fax  to 

(214)484-2720 
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Listing  and  Reviews  of  Books  and  Other  Media 

Note  to  publishers:  Send  review  copies  of  books,  films,  tapes,  and  software  to 
RESPIRATORY  CARE,  1 1030  Abies  Lane,  Dallas  TX  75229-4593. 


Books,  Films, 
Tapes,  &  Software 


Preparing  the  Patient  and  Family 
for  Ventilator  Care  at  Home:  A 
Team  Approach,  produced  by  Fair- 
view  Audio-Visuals,  Gloria  Asher 
RN  MSN,  executive  producer.  Vid- 
eotape, 17  minutes,  1/2"  &  3/4" 
VHS.  Rental  $60/wk;  purchase  $295 
from  Fairview  Audio-Visuals,  Box  J, 
17909  Groveland  Ave,  Cleveland 
OH  441 11,  (216)  476-7054. 

This  videotape  provides  an  over- 
view of  the  elements  involved  in  dis- 
charging a  mechanical-ventilator  pa- 
tient to  the  home.  It  recommends  a 
team  approach  and  identifies  the 
health  care  professionals  who  should 
be  on  this  team  and  their  respective 
roles  in  the  discharge  process. 

The  tape  is  intended  for  the 
would-be  members  of  the  discharge 
team  and  should  be  viewed  when 
they  suspect  a  patient  might  be  a  can- 
didate for  home  ventilation.  It  can 
also  be  viewed  by  the  prospective  pa- 
tient and  his  family.  Key  points  that 
should  be  considered  are  highlighted: 
Are  an  adequate  number  of  family 
members  available  to  care  for  the  pa- 
tient? Are  the  necessary  financial  re- 
sources available?  Does  the  home 
provide  enough  space  and  adequate 
electricity  to  manage  the  equipment? 
Do  the  patient  and  his  family  have  a 
real  understanding  of  his  medical 
condition  and  prognosis? 

The  video  also  describes  an  11- 
segment  training  program  that  should 
be  completed  by  all  caregivers  prior 
to  discharge.  This  program  requires 
demonstrated  competency  in  such  ar- 
eas as  ventilator  management  and 
troubleshooting,  suctioning,  trach- 
eostomy care,  medication  dispens- 
ing, infection  control,  and  record- 
keeping. The  caregivers  are  required 
to  spend  a  24-hour  'live-in'  period  at 
the  hospital  during  which  they  are  re- 
sponsible for  all  aspects  of  the  pa- 
tient just  as  they  would  be  at  home. 


The  script  for  this  video  was  writ- 
ten by  Jeffrey  Lucas  RRT,  president 
of  Northcoast  Oxygen  Company  Inc, 
of  Cleveland,  Ohio.  Mr  Lucas's 
script  is  concise  and  demonstrates  in 
a  logical  progression  how  the  viewer 
can  assemble  the  discharge  team, 
work  with  the  patient  and  family  to 
give  them  realistic  goals,  and  provide 
all  of  the  needed  clinical  training  for 
caregivers.  The  video  does  not  in- 
struct the  viewer  in  specific  rec- 
ommended procedures  such  as  suc- 
tioning protocols,  ventilator  care,  or 
cleaning  of  equipment.  It  does,  oddly 
enough,  describe  a  procedure  for  tra- 
cheal stoma  care,  which  includes  a 
recipe  for  a  peroxide-water  solution 
and  a  recommended  frequency. 

The  17-minute  video  moves 
quickly  and  does  not  provide  much 
detail  on  the  1 1  segments  that  the 
producers  believe  should  be  covered 
in  the  caregiver  training;  for  ex- 
ample, it  recommends  ventilator 
troubleshooting  be  taught  but  does 
not  provide  any  specific  details  about 
troubleshooting  or  what  might  cause 
an  alarm.  No  information  is  provided 
regarding  types  of  home  medical 
equipment  required  or  available  or 
about  financial  issues  such  as  in- 
surance coverage  or  reimbursement 
guidelines.  It  is  perhaps  assumed  by 
the  producers  that  the  viewer  has  suf- 
ficient knowledge  of  these  areas; 
however,  the  person  who  under- 
stands these  areas  probably  would 
have  no  need  of  the  information  on 
this  tape. 

There  is  no  recommended  time 
line  to  assist  the  viewer  in  under- 
standing how  long  it  may  take  to  pre- 
pare a  ventilator  patient  for  dis- 
charge. From  my  own  experience  in 
working  with  ventilator  patients  in 
the  home,  I  know  that  it  is  not  un- 
common for  a  hospital  to  expect  to 
discharge  a  patient  home  with  just  a 


few  days'  preparation  when  in  ac- 
tuality it  can  take  weeks  or  even 
months.  Some  guidelines  would  have 
been  helpful  to  guide  the  team  in  set- 
ting a  realistic,  estimated  discharge 
date  based  on  all  that  must  be  ac- 
complished. 

This  video  can  be  a  useful  tool  for 
the  hospital  that  is  just  beginning  to 
consider  a  patient  for  discharge.  The 
likelihood  of  a  safe  and  successful 
discharge  can  be  improved  by  fol- 
lowing its  team  approach,  evaluating 
the  patient,  and  instructing  all  care- 
givers as  it  recommends.  Additional 
resources  must  be  found  for  in- 
formation regarding  specific  proto- 
cols and  procedures,  equipment,  and 
financial  issues  that  must  be  dealt 
with  when  working  on  a  ventilator 
discharge. 

Susan  L  Mclnturff  RCP  RRT 

Clinical  Director 

Bay  Area  Home  Health  Care 

Novato,  California 


Respiratory  Care  Principles:  A 
Programmed  Guide  to  Entry  Level 
Practice,  3rd  edition,  by  Thomas  A 
Barnes  EdD  RRT  in  consultation 
with  Jan  Karel  Schreuder  MD  and 
Jacob  S  Israel  MD.  Softcover,  515 
pages,  which  includes  tests,  answer 
guides,  and  illustrations.  Philadel- 
phia: FA  Davis  Co,  1991.  $39.95. 

One  of  the  first  goals  of  all  stu- 
dents enrolled  in  a  respiratory  ther- 
apy program  is  to  achieve  certifica- 
tion (CRTT)  through  the  National 
Board  for  Respiratory  Care.  The 
principal  criterion  that  many  states 
use  to  award  a  license  is  a  successful 
score  on  the  Entry  Level  Exam.  With 
so  much  to  gain  from  a  successful 
score  on  that  exam,  students  will  find 
this  book  valuable. 
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BOOKS,  FILMS,  TAPES,  AND  SOFTWARE 


The  genius  of  this  book  lies  in  its 
design.  Material  is  presented  in  242 
instructional  frames,  which  are  di- 
vided into  19  chapters  that  include  pre- 
tests, post-tests,  illustrations,  and  a 
comprehensive  exam  in  Chapter  17. 

At  the  start  of  each  chapter,  a  20- 
question  pre-test  evaluates  knowl- 
edge of  the  subject  matter.  Each 
chapter  is  then  broken  into  frames, 
each  frame  a  topic  within  the  chapter 
that  will  give  the  student  a  solid 
overview  without  going  into  depth. 
At  the  finish  of  each  frame,  a  multi- 
ple-choice question  is  provided  to 
measure  the  reader's  retention.  The 
correct  answer  and  explanations  of 
incorrect  choices  are  provided.  At 
the  end  of  each  chapter,  a  20- 
question  post-test  and  workbook  ex- 
ercises help  to  improve  the  reader's 
skills  and  knowledge  of  the  chapter 
covered. 

Chapter  17  is  a  summative  test  of 
200  questions  that  parallels  the  Entry 
Level  Exam.  By  taking  this  test,  the 
reader  can  measure  his  strengths  and 
weaknesses  and  have  time  to  review 
before  taking  the  national  review  cer- 
tification exam. 

The  book's  format  allows  the 
reader  to  progress  at  his  own  pace, 
measure  his  retention,  and,  ideally, 
build  confidence. 

The  author,  Thomas  A  Barnes,  is 
more  than  qualified  to  write  such  a 
credentialing  guide  book.  Dr  Barnes 
is  Director  of  Clinical  Education, 
Respiratory  Therapy  Program,  and 
Assistant  Professor  of  Respiratory 
Therapy,  Department  of  Cardio- 
pulmonary Sciences  at  Northeastern 
University.  Past  editions  of  the 
Guide  have  been  used  successfully 
by  students  and  instructors  of  respir- 
atory programs.  This  edition  should 
be  a  welcomed  addition  to  one's 
bookshelf  and  a  key  to  a  successful 
score  on  the  Entry  Level  Exam. 

Respiratory  Care  Principles  is 
not  limited  to  students  in  respiratory 
care  but  would  be  valuable  to  stu- 
dents of  nursing,  physical  therapy, 


physician  assistant  programs,  emer- 
gency paramedicals,  and  those  en- 
rolled in  respiratory  care  correspon- 
dence courses.  It  could  also  be  very 
helpful  to  instructors  of  respiratory 
care  programs. 

David  J  Haney  RRT 

Staff  Therapist 

Cleveland  Clinic  Foundation 

Cleveland,  Ohio 

Foundations  of  Respiratory  Care, 

edited  by  David  J  Pierson  MD  and 
Robert  M  Kacmarek  PhD  RRT. 
Hardcover,  1306  pages,  illustrated. 
New  York:  Churchill  Livingstone 
Inc.  1992.  $89.95. 

Reviewing  this  book  was  a  daunt- 
ing task  from  the  outset  because  of 
the  sheer  size  of  it  (>  1,300  pages), 
and  its  scope.  Because  of  its  size,  we 
divided  the  book  roughly  in  half  for 
reading  purposes,  with  one  of  us 
(RRF)  taking  the  first  three  sections 
and  the  other  (JGS)  the  last  two.  We 
then  discussed  our  reactions  to  the 
organization  and  concepts. 

The  book  is  divided  into  five 
large  sections:  Respiratory  Structure 
and  Function,  Pathophysiology:  How 
Disease  Affects  the  Cardiorespira- 
tory System,  Assessment  of  Respira- 
tory Function  and  Diagnostic  Tech- 
niques, Clinical  Approach  to  the  Pa- 
tient with  Respiratory  Disease,  and 
Respiratory  Care  Practice.  Within 
each  of  these  sections  are  many  gen- 
erally short  chapters,  written  by  1  of 
56  contributors,  each  covering  a 
small,  discrete  area  of  knowledge. 
This  is  both  a  strength  and  a  weak- 
ness of  the  book.  The  focused  nature 
of  each  chapter  generally  ensures 
that  one  will  find  nothing  extraneous 
in  the  chapter — he  will  not  have  to 
wade  through  information  that  is  not 
directly  relevant  to  the  topic.  How- 
ever, the  small  size  of  the  'bites' 
(apologies  to  television)  causes  two 
problems:  ( 1 )  Material  is  sometimes 
somewhat  artificially  separated  (for 


example,  one  chapter  titled  "Assess- 
ment of  Lung  Volumes"  actually  ad- 
dresses only  RV  and  the  capacities 
containing  RV,  while  the  remainder 
of  the  volumes  and  capacities  are 
covered  in  the  next  chapter  titled 
"Assessment  of  Airflow").  (2)  For 
complete  coverage  of  a  topic,  one  is 
sometimes  directed  to  three  or  more 
other  chapters  in  the  book. 

The  first  chapter  covers,  logically 
enough,  the  chemical  and  physical 
background,  giving  the  clinician  a 
basis  for  subsequent  information. 
However,  errors  and  confusing  state- 
ments abound  in  Chapter  1 — some 
merely  editing  problems,  others  fac- 
tual in  nature.  The  author,  for  ex- 
ample, asserts  that  inspired  gas  is  at 
body  temperature  and  is  100%  sat- 
urated by  the  time  it  reaches  the  ca- 
rina; an  example  on  the  same  page 
gives  Pb  as  750  mm  Hg,  then  uses 
740  mm  Hg  in  the  actual  calculation; 
a  summary  of  the  gas  laws  omits  one 
subscript  and  gives  another  in- 
correctly; the  author  asserts  that  the 
relationship  between  pressure  and 
volume  in  a  normal  lung  is  linear 
over  the  physiologic  range;  the  in- 
verse relationships  between  two 
quantities  are  referred  to  in  every 
place  except  one  as  indirect;  trans- 
mural pressure  is  defined  as  "the 
force  exerted  on  the  lateral  wall  of  a 
system;"  Bernoulli's  Law  states  that 
"the  transmural  (italics  ours)  pres- 
sure is  inversely  related  to  the  veloc- 
ity of  the  gas;"  a  Reynolds  number  > 
2,000  means  that  turbulent  flow  def- 
initely exists  (rather  than  expressing 
a  probability);  the  reader  is  directed 
to  Table  1-5  for  the  ratios  and  gas 
flows  for  Venturi  masks,  but  the 
proper  table  is  1-6;  Table  1-6  adds  4 
L/min  source  gas  flow  and  100 
L/min  entrained  flow  for  a  24% 
mask  and  comes  up  with  100  L/min 
total  flow;  the  Greek  letter  mu  in- 
stead of  etais  used  as  the  symbol  for 
viscosity.  The  errors  surface  again  in 
Chapter  5.  In  Chapter  5,  The  Thorax 
and  Ventilatory  Muscles:  The  Ven- 
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tilatory  Pump,  the  text  states  that  the 
"transdiaphragmatic  pressure(s)  .  .  . 
positive  at  FRC  and  become  (s)  more 
positive  during  inspiration.  .  .," 
whereas  Table  5-1  shows  trans- 
diaphragmatic pressure  to  be  0  at 
FRC  and  -10  at  end  inspiration;  later 
in  that  chapter,  Figure  5-7  indicates 
the  serratus  posterior  interior.  Figure 
7-2  shows  bronchioles  starting  at 
Generation  5,  whereas  Table  7-1 
shows  them  starting  at  Generation 
11.  In  Table  8-1,  the  units  for  re- 
sistance are  given  as  dyne/s/cirf5. 
Figure  9-1,  a  schematic  depiction  of 
the  lung  volumes  and  capacities,  is 
described  as  the  normal  spirogram; 
in  Figure  9-9A,  there  is  a  minus  sign 
missing  before  4,  showing  pressure 
in  the  airway  during  inspiration. 
Chapter  12  has  several  confusing 
parts.  The  author  says  that  "CO:  .  .  . 
dissolves  in  the  plasma  as  Pco:-"  He 
also  states  that  "The  CI"  that  diffuses 
into  the  RBC  associates  with  the  K+ 
released  from  the  hemoglobin  mole- 
cule .  .  .."  (As  a  strong  electrolyte, 
KC1  is  completely  dissociated  in 
solution.)  A  run-on  sentence  in  the 
next  paragraph  is  confusing  until  one 
(mentally)  removes  a  comma  and  in- 
serts a  semicolon.  At  the  end,  the  au- 
thor again  says  that  CO?  is  "carried 
as  Pco:"  In  Chapter  13,  the  author 
states  that  "During  depolarization, 
the  intracellular  flux  of  Na+  cause  the 
cell  interior  to  become  electrically 
negative  (italics  ours).  In  Chapter  20, 
Virazole  is  incorrectly  spelled  as  is 
propranolol.  Chapter  24  discusses 
the  "patient"  foramen  ovale,  Chapter 
26,  the  motor  end  "place"  of  the 
muscle. 

In  two  places  (in  the  first  half  of 
the  book),  chapter  authors  redefine 
terms,  an  exercise  which  results  in 
unnecessary  confusion.  In  Chapter 
21,  the  author  defines  FRC  as  "either 
the  volume  at  which  the  static  recoil 
forces  of  the  lung  and  chest  wall  are 
balanced,  or  as  that  degree  of  end- 
expiratory  lung  inflation  at  which  the 
work  of  breathing  is  least."  This  is 


problematic  since  the  author  refers  to 
Chapter  9,  in  which  FRC  is  defined 
solely  as  it  is  in  the  first  half  of  this 
definition.  In  Chapter  30.  the  authors 
divide  dead  space  into  anatomic  and 
alveolar  or  physiologic  dead  space; 
in  Chapter  41,  dead  space  is  divided 
into  anatomic  and  alveolar,  with 
physiologic  dead  space  being  the 
sum  of  those  two  (the  conventional 
definition). 

In  Chapter  27,  the  author  states 
that  "Another  piece  of  evidence 
against  pure  alveolar  hypoventilation 
during  REM  sleep  is  the  relatively 
complete  correction  of  desaturation 
by  low-flow  supplemental  02."  We 
believe  that  most  textbooks  state  that 
the  only  pulmonary  cause  of  hypox- 
emia that  cannot  be  corrected  by  ox- 
ygen administration  is  pure  intra- 
pulmonary  shunt.  Finally,  Chapter  42 
shows  its  age  (even  having  been  pub- 
lished in  1992)  when  the  author 
states  that  in  management  of  child- 
hood asthma,  "inhaled  adrenergic 
agents  (serve)  as  the  cornerstone." 
The  author  goes  on  to  state  that 
"Other  chronic  therapies  may  include 
oral  theophylline  and  cromolyn  so- 
dium," while  failing  to  mention  ster- 
oids at  all. 

It  gives  us  great  pain  to  detail 
these  problems  with  what  has  the  po- 
tential to  be  a  terrific  book.  We  do  so 
not  to  pick  nits  but  to  emphasize  that 
there  is  not  merely  a  rare  typographic 
error,  which  was  not  caught,  or  a 
fact,  which  needs  to  be  checked  (as 
has  occurred  in  every  textbook  ever 
published),  but  a  multitude  of  them, 
especially  in  the  early  chapters.  Al- 
though one  can  say  that  the  errors 
can  be  corrected  for  the  second  edi- 
tion, most  of  them  should  not  have 
made  it  into  the  first  edition. 

Its  shortcomings  notwithstanding, 
the  book  makes  use  of  a  dazzling  ar- 
ray of  content  matter  experts,  both 
physicians  and  therapists,  in  the  field 
of  respiratory  care.  The  coverage  is 
broad  and  of  reasonable  depth.  In 
fact,  one  of  us  (JGS)  found,  for  the 


first  time,  excellent  coverage  of  a 
course  content  area.  Case  studies  are 
generously  and  appropriately  used; 
however,  in  the  focused  nature  of  the 
chapter,  one  is  sometimes  left  want- 
ing more.  For  example,  in  a  case 
study  (page  325)  on  the  Adverse  Pul- 
monary Effects  on  Cardiac  Function 
(PEEP),  one  finds  out  that  increasing 
the  Pao:  might  not  necessarily  in- 
crease oxygen  transport;  the  resolu- 
tion of  the  dilemma  is  not  provided, 
however. 

Several  chapters  should  be  noted 
for  their  concise  yet  thorough  cover- 
age of  a  topic,  combined  with  ex- 
cellent readability.  Chapter  44 — 
Clinical  Skills  in  Respiratory  Care — 
spends  more  time  than  most  on  com- 
munication skills  and  profession- 
alism; it  also  contains  many  'nug- 
gets' regarding  the  topographic 
landmarks  for  underlying  structures. 
Chapter  47 — Assessment  of  Gas  Ex- 
change and  Acid-Base  Balance — 
contains  in  fewer  than  10  pages  an 
excellent  synopsis  of  acid-base  dy- 
namics that  can  stand  on  its  own. 
Chapter  57 — Diagnostic  Imaging — 
contains  a  concise  plan  for  reading 
radiographs,  including  a  normal  up- 
right A-P  film  with  everything  la- 
beled; it  covers  some  of  the  most 
common  pathologic  conditions  that 
one  might  see  and  also  includes  sev- 
eral conditions  that  mimic  pneu- 
mothorax on  the  chest  film. 

Section  4  is  a  collection  of  9 
chapters  that  are,  for  the  most  part, 
clinically  useful,  practical,  and  cur- 
rent. This  section  and  Section  5  will 
be  of  great  interest  to  all  practi- 
tioners, particularly  educators  who 
are  looking  for  a  "clinically  orient- 
ed" approach  to  their  courses,  es- 
pecially those  courses  that  would  be 
enhanced  by  a  text  that  gives  clin- 
ically useful  information.  Chapter 
61 — Cardinal  Symptoms/Signs  in 
Respiratory  Disease — is  a  complete 
and  logical  presentation  of  this  im- 
portant aspect  of  assessment.  Also 
quite  useful  is  a  table  of  "Most  Like- 
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ly  Causes  of  Hemoptysis  in  Certain 
Patient  Groups,"  which  gives  the 
clinician  a  wonderful  and  quick  dif- 
ferential-diagnosis chart.  Our  only 
suggestion  would  be  to  add  graphic 
representation  of  periodic  breathing 
patterns.  The  next  5  chapters  (62- 
66)  are  authored  or  co-authored  by 
one  of  the  editors  (DJP).  These  are 
the  "Clinical  Approach"  chapters 
dealing  with  common  disorders  and 
diseases  of  the  cardiopulmonary  sys- 
tem. These  chapters  are  well- 
organized  and  'user  friendly'  and 
thus  should  be  very  useful  not  only 
to  educators  and  students  but  also 
practitioners  because  they  contain 
practical  dos  and  don'ts,  approaches 
to  management,  algorithms  and  even 
a  10  Commandments  approach  to 
treatment  of  patients  with  acute-on- 
chronic  ventilatory  failure.  In  Chap- 
ter 62,  Clinical  Approach  to  the  Pa- 
tient with  Obstructive  Lung  Disease, 
the  author  does  an  outstanding  job  in 
presenting  the  current  treatment  of 
asthma  but  neglects  to  mention  the 
quite  lengthy  and  well-documented 
information  on  asthma  (as  did  Chap- 
ter 42's  authors)  published  in  June 
1991  by  the  National  Heart,  Lung, 
and  Blood  Institute,  "Executive  Sum- 
mary: Guidelines  for  the  Diagnosis 
and  Management  of  Asthma,"  Publi- 
cation No.  91-3042A.  Publisher's 
deadlines  may  account  for  this  omis- 
sion, and  we  must  point  out  that  the 
author  is  right  on  the  mark  in  his 


clinical  approach  to  assessment  and 
management,  which  was  very  nearly 
the  same  as  that  detailed  in  the  Ex- 
ecutive Summary.  Chapter  64  has  a 
very  good  section  on  the  ventilatory 
management  of  COPD  patients — one 
of  the  greatest  challenges  to  clini- 
cians in  respiratory  care.  This  is  one 
of  the  most  concise  and  useful 
discussions  on  this  topic  we've  seen 
to  date. 

Section  5,  Respiratory  Care  Prac- 
tice, contains  36  chapters  that  offer  a 
comprehensive  look  at  the  modern 
practice  of  respiratory  care.  These 
chapters  are  chock  full  of  generally 
useful  and  practical  guidelines  on  the 
practice  of  the  profession.  Notably 
missing  are  references  to  the  Clinical 
Practice  Guidelines  (incentive  spi- 
rometry, pulse  oximetry,  oxygen 
therapy  in  the  acute  care  hospital, 
spirometry,  postural  drainage  ther- 
apy) published  in  this  journal  in 
December  1991.  These  guidelines 
would  have  enhanced  the  chapters  on 
chest  physical  therapy  (70),  lung  ex- 
pansion therapy  (73),  assessment  and 
management  of  acute  atelectasis 
(74),  and  supplemental  oxygen  and 
other  medical  gas  therapy  (75).  How- 
ever, even  with  this  omission,  these 
chapters  are  an  excellent  reference 
for  practitioners  in  respiratory  care. 
As  educators,  we  found  this  section 
particularly  useful,  with  several  of 
the  chapters  containing  the  answer  to 
our  prayers.  We  have  been  searching 


for  a  reference  book  that  would  give 
us  and  our  students  thorough,  up-to- 
date,  and  clinically  useful  infor- 
mation on  specific  topics  covered  in 
our  fall-semester,  second-year  course 
dealing  with  the  clinical  assessment 
and  management  of  patients  with 
cardiopulmonary  disorders.  Chapters 
74,  81,  82,  86,  87,  and  89-96  were 
immediately  used  to  supplement  this 
course,  with  great  success.  Chapters 
76,  81,  82-87,  and  101  will  be  ex- 
tremely useful  in  our  spring-semester 
course  on  mechanical  ventilation. 
These  chapters  are  well-written  and 
easy  to  read — not  something  that  can 
be  said  for  most  texts. 

Once  'couthed  up,"  this  book  will 
be  an  excellent  reference  for  any  res- 
piratory care  practitioner's  library.  If 
we  had  not  received  this  copy  to  re- 
view, we  would  have  bought  it  any- 
way. With  a  $90  price  tag,  its  use  in 
an  educational  program  would  have 
to  depend  upon  its  "fit"  with  the 
courses  and  curriculum. 

Robert  R  Fluck  Jr  MS  RRT 

Associate  Professor 

Joseph  G  Sorbello  MS  RRT 

Assistant  Professor 

Department  of  Respiratory  Care 

and  Cardiorespiratory  Sciences 

State  University  of  New  York 

Health  Science  Center 

Syracuse,  New  York 
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Calendar 
of  Events 


AARC  &  AFFILIATES 


February  16-19  in  Reno,  Nevada.  The  American  Lung 
Association  of  Nevada  and  The  Nevada  Society  for  Res- 
piratory Care  present  the  12th  Annual  High  Sierra  Crit- 
ical Care  Conference  at  the  Peppermill  Hotel  Casino. 
Topics  include  adult,  pediatric,  and  neonatal  critical  care 
issues.  Contact  Donna  Turner,  American  Lung  Associa- 
tion of  Nevada,  PO  Box  7056,  Reno  NV  89510.  (702) 
829-5864  (9  am-3  pm  PST). 


March  10-12  in  Tahoe,  Nevada.  Chapter  9  of  the 
CSRC  and  the  American  Lung  Association  of  Alameda 
County  return  to  South  Shore  Lake  Tahoe  and  Caesar's 
for  their  15th  Annual  Tahoe  Conference.  Topics  to  be 
covered  include  infectious  diseases,  transplantation, 
future  team  approaches,  and  high-tech  in  respiratory 
care.  Also,  a  neonatal/pediatric  brown  bag  lunch  will  be 
presented  by  Children's  Hospital-Oakland.  Contact  Bar- 
bara Banks-Norton  at  (510)  275-8287  or  Carrie  Smith  at 
(510)893-5474. 


April  26-28  in  Philadelphia,  Pennsylvania.  The  PSRC 
presents  its  28th  Annual  Conference  and  Exhibition  at 
the  Adam's  Mark  Hotel.  This  year's  theme  is  "Res- 
piratory All-Stars:  Building  Pride  Through  Teamwork." 
The  Pennsylvania  State  Sputum  Bowl  finals  will  be  fea- 
tured. Contact  Betsy  Schneck  at  (215)  829-3578  or 
Kathy  Yandle  at  (215)  453-4517. 


March  3-5  in  Lyon,  France.  The  Journees  Inter- 
nationales de  Ventilation  a  Domicile  presents  the  Inter- 
national Conference  on  Home  Mechanical  Ventilation. 
The  meeting  includes  scientific  sessions,  practical  edu- 
cation sessions,  and  poster  presentations  and  exhibits. 
Simultaneous  translation  (French/English)  is  offered. 
Deadline  for  abstracts  is  December  1992.  Write:  JIVD 
(SRMAR)  93,  Grande  Rue  de  la  Croix-Rousse,  69317 
Lyon  Cedex  04,  France.  Call  (33)  78  39  08  43,  fax  (33) 
78  29  98  94. 


March  11-13  in  Washington,  DC.  The  National  Asso- 
ciation of  Medical  Directors  of  Respiratory  Care 
presents  its  16th  Annual  Meeting  at  the  Stouffer  May- 
flower Hotel.  For  more  information,  contact  the 
NAMDRC  Executive  Office  at  5454  Wisconsin  Ave, 
Suite  1340,  Chevy  Chase  MD  20815.  (301)  718-2975. 


March  26-28  in  Nashville,  Tennessee.  The  Association  of 
Polysomnographic  Technologists  hosts  the  First  Annual 
Spring  Review  Course  in  Advanced  Polysomnographic 
Technology  at  the  Opryland  Hotel.  Contact  Todd  Eiken, 
APT  Education  Chair,  at  (205)  592-5650. 


March  24-27  in  Helena,  Montana.  The  American  Lung 
Association  of  Montana  presents  the  Twelfth  Annual  Big 
Sky  Pulmonary  Ski  Conference.  Contact  the  American 
Lung  Association  of  Montana,  825  Helena  Ave.  Helena 
MT  59601.  (406)  442-6556,  fax:  (406)  442-2346. 


OTHER  MEETINGS 


February  11-14  in  Orlando,  Florida.  The  Florida  Tho- 
racic Society  and  the  American  Lung  Association  of 
Florida  host  the  15th  Annual  Pulmonary  Wintercourse. 
Contact  Marilyn  O'Brien,  ALA  of  Florida,  PO  Box 
8127,  Jacksonville  FL  32239-0127.  (904)  743-2933. 


February    14-17    in    Breckenridge,    Colorado.    The 

American  College  of  Chest  Physicians  and  St  Helena 
Hospital  present  the  Annual  Meeting  on  "Cardio- 
pulmonary Wellness  and  Rehabilitation."  Contact 
Arlene  Karavich  at  the  American  College  of  Chest  Phy- 
sicians (708)  498-1400. 


May  16-19  in  San  Francisco,  California.  The  Amer- 
ican Lung  Association  and  American  Thoracic  Society 
host  an  International  Conference.  Vital  information  on 
the  prevention  and  control  of  lung  disease  will  be  pre- 
sented in  a  variety  of  symposia  and  workshops.  Contact 
Maureen  J  O'Donnell,  American  Lung  Association. 
1740  Broadway,  New  York  NY  10019-4374. 


October  24-29  in  Jerusalem,  Israel.  The  XlVth  World 
Congress  of  Asthmalogy  convenes  in  Jerusalem.  Topics 
presented  include  molecular  biology  in  lung  disease, 
cells  involved  in  asthma,  and  house  dust  mite  and 
asthma.  Abstracts  are  currently  being  accepted.  For 
more  information,  contact  Gil-Kenes,  1617  JFK  Blvd. 
Suite  946.  Philadelphia  PA  19103.  (800)  223-3855. 
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1993  Call  for  Abstracts 


Respiratory  Care  •  Open  Forum 


The  American  Association  for  Respiratory  Care  and  its  sci- 
ence journal.  Respiratory  Care,  invite  submission  of  brief 
abstracts  related  to  any  aspect  of  cardiorespiratory  care.  The 
abstracts  will  be  reviewed,  and  selected  authors  will  be  invited 
to  present  papers  at  the  Open  Forum  during  the  AARC  Annual 
Meeting  in  Nashville,  Tennessee,  December  11-14.  1993.  Ac- 
cepted abstracts  will  be  published  in  the  November  1993  issue 
of  Respiratory  Care.  Membership  in  the  AARC  is  not  nec- 
essary for  participation. 

Specifications— READ  CAREFULLY! 

An  abstract  may  report  ( 1 )  an  original  study,  (2)  the  eval- 
uation of  a  method  or  device,  or  (3)  a  case  or  case  series. 

Topics  may  be  aspects  of  adult  acute  care,  continuing  care/  re- 
habilitation, perinatology/pediatrics,  cardiopulmonary  tech- 
nology, health  occupations  education,  or  management  of  per- 
sonnel and  health-care  delivery.  The  abstract  may  have  been 
presented  previously  at  a  local  or  regional — but  not  national — 
meeting  and  should  not  have  been  published  previously  in  a 
national  journal.  The  abstract  will  be  the  only  evidence  by 
which  the  reviewers  can  decide  whether  the  author  should  be 
invited  to  present  a  paper  at  the  OPEN  FORUM.  Therefore,  the 
abstract  must  provide  all  important  data,  findings,  and  conclu- 
sions. Give  specific  information.  Do  not  write  such  general 
statements  as  "Results  will  be  presented"  or  "Significance  will 
be  discussed." 


Abstract  Format  and  Typing  Instructions 

Accepted  abstracts  will  be  photographed.  First  line  of  ab- 
stract should  be  the  title  in  all  capital  letters.  Title  should  ex- 
plain content.  Follow  title  with  names  of  all  authors  (including 
credentials),  institution(s),  and  location.  Underline  presenter's 
name.  Type  or  electronically  print  the  abstract  single  spaced  in 
the  space  provided  on  the  abstract  blank.  Insert  only  one  letter 
space  between  sentences.  Text  submission  on  diskette  is  en- 
couraged but  must  be  accompanied  by  a  hard  copy.  Identifiers 
will  be  masked  (blinded)  for  review.  Make  the  abstract  all  one 
paragraph.  Data  may  be  submitted  in  table  form  and  simple 
figures  may  be  included  provided  they  fit  within  the  space  al- 
lotted. No  figures,  illustrations,  or  tables  are  to  be  attached  to 
the  abstract.  Provide  all  author  information  requested  in  right 
column  of  abstract  form.  A  clear  photocopy  of  the  abstract 
form  may  be  used.  Standard  abbreviations  may  be  employed 
without  explanation.  A  new  or  infrequently  used  abbreviation 
should  be  preceded  by  the  spelled-out  term  the  first  time  it  is 
used.  Any  recurring  phrase  or  expression  may  be  abbreviated 
if  it  is  first  explained.  Check  the  abstract  for  (1)  errors  in 
spelling,  grammar,  facts,  and  figures;  (2)  clarity  of  language; 
(3)  conformance  to  these  specifications.  An  abstract  not  pre- 
pared as  requested  may  not  be  reviewed.  Questions  about  ab- 
stract preparation  may  be  telephoned  to  the  editorial  staff  of 
Respiratory  Care  at  (214)  243-2272. 

Deadlines 


Essential  Content  Elements 

An  original  study  abstract  must  include  ( 1 )  Introduction:  state- 
ment of  research  problem,  question,  or  hypothesis;  (2)  Method: 
description  of  research  design  and  conduct  in  sufficient  detail 
to  permit  judgment  of  validity;  (3)  Results:  statement  of  re- 
search findings  with  quantitative  data  and  statistical  analysis; 
(4)  Conclusions:  interpretation  of  the  meaning  of  the  results.  A 
method/device  evaluation  abstract  must  include  (1)  Intro- 
duction: identification  of  the  method  or  device  and  its  intended 
function;  (2)  Method:  description  of  the  evaluation  in  suf- 
ficient detail  to  permit  judgment  of  its  objectivity  and  validity; 
(3)  Results:  findings  of  the  evaluation;  (4)  Experience:  sum- 
mary of  the  author's  practical  experience  or  a  notation  of  lack 
of  experience;  (5)  Conclusions:  interpretation  of  the  evaluation 
and  experience.  Cost  comparisons  should  be  included  where 
possible  and  appropriate.  A  case  report  abstract  must  report  a 
case  that  is  uncommon  or  of  exceptional  teaching/learning  val- 
ue and  must  include:  ( 1)  case  summary  and  (2)  significance  of 
case.  Content  should  reflect  results  of  literature  review.  The 
author(s)  should  have  been  actively  involved  in  the  case  and  a 
case-managing  physician  must  be  a  co-author  or  must  approve 
the  report. 


The  mandatory  Final  Deadline  is  June  7  (postmark).  Au- 
thors will  be  notified  of  acceptance  or  rejection  by  letter 
only —  to  be  mailed  by  August  15.  Authors  may  choose  to  sub- 
mit abstracts  early.  Abstracts  received  by  March  19  will  be  re- 
viewed and  the  authors  notified  by  April  24.  Rejected  abstracts 
will  be  accompanied  by  a  written  critique  that  should  in  many 
cases  enable  authors  to  revise  their  abstracts  and  resubmit 
them  by  the  final  deadline  (June  7). 

Mailing  Instructions 

Mail  (Do  not  fax!)  2  clear  copies  of  the  completed  abstract 
form  and  a  stamped,  self-addressed  postcard  (for  notice  of  re- 
ceipt) to: 


Respiratory  Care  Open  Forum 
11030  Abies  Lane 
Dallas  TX  75229-4593 
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Abstract  Form 


8.1  cm  or  3.2" 
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1.  Title  must  be  in  all  upper  case  (capital)  letters,  au- 
thors' names  and  text  in  upper  and  lower  case. 

2.  Follow  title  with  all  authors'  names  including  cre- 
dentials (underline  presenter's  name),  institution, 
and  location. 

3.  Do  not  justify  (ie,  leave  'ragged'  right  margin). 

4.  Do  not  use  type  size  less  than  9  points. 

5.  All  text,  tables,  and  figures  must  fit  into  the  rec- 
tangle shown. 

6.  Submit  2  clear  copies.  This  form  may  be  photo- 
copied if  multiple  abstracts  are  to  be  submitted. 

7.  For  more  details,  see  accompanying  examples  and 
editorial. 


Presenter's  Name  &  Credentials 


Presenter's  Mailing  Address 


Presenter's  Voice  Phone  &  Fax 


Corresponding  Author's  Name  &  Credentials 


Corresponding  Author's  Voice  Phone  &  Fax 


Mail  original  &  1  photocopy  to: 

Respiratory  Care  Open  Forum 
1 1030  Abies  Lane 
Dallas  TX  75229 

Early  deadline  is  March  19,  1993 
(abstract  received) 
Final  deadline  is  June  7,  1993 
(abstract  postmarked) 
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Our  1085 ID  Body  Plethysmograph  provides 

complete  pulmonary  function  testing  including: 
spirometry,  maximal  inspiratory /expiratory 
pressures,  thoracic  gas  volume,  and  airways 
resistance  using  panting  and  non-panting  techniques. 
Optional  diffusing  capacity  (DLcoJ  is  also  available 
(1085IDL). 

Introducing  the  MedGraphics  Card/0,  with 

simultaneous  real-time  U-/ead  ECG  and  VO,  data 

in  a  single  system, 

on  a  single 

screen.  Available 

in  wall-mount  and 

cart  configurations. 


The  MedGraphics  disposable  pneumotach, 

weighing  less  than  an  ounce,  is  unsurpassed 

in  accuracy  yet  completely  disposable,  and  is 

designed  to  guarantee  complete  infection  control 


The 
MedGraphics 
CPX/D 
Exercise 
System 
provides  accurate 
diagnosis  of 
shortness  of 
breath  and 
evaluates  the 
effectiveness  of 
therapy. 
Tliedevdopmentof 
the  MedGraphics 
new  disposable 
pneumotach 
combined  with 
MedGraphics 
patented  bimth-by-breath  measurement  technology  has 
advanced  exercise  testing  as  a  major  diagnostic  tool. 


Call  us  for  more 
information  on 
the  complete  line 
of  MedG  rap  h  ics 
products  at 
1-800-950-5597 

Medical  Graphics  Corporation 
350  Oak  Grove  Pkwy 
St.  Paul,  MN  55127 
612-484-4874 
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/  2500 

VOLDYNE® 


Volumetric  Incentive  Deep-Breathing  Exerciser 

The  accuracy  of  Voldyne,  in  a  new  size,  matched  to  geriatric 
patients  and  patients  with  smaller  lung  capacities. 


Voldyne  2500  ... 


■  A  smaller,  lighter  flow  cup  reduces  the  work  of  breathing,  thus 
improving  patient  performance  and  progress. 

■  Every  unit  is  individually  tested  and  calibrated  for  performance, 
reliability  and  superior  accuracy  of  inhaled  lung  volume. 

■  Volume  incentive  spirometry  improves  assessment  of  patient 

progress  by  eliminating  the  guesswork  associated  with  spirometers 
that  only  measure  flow. 

■  Graduations  printed  on  both  sides  of  the  unit  allow  the  therapist  to 
conveniently  observe  volumes  while  instructing  and  encouraging 
the  patient. 

For  further  information,  contact  your  Sherwood  OR  /Critical  Care 
Representative  or  call.  ,  o/\/\  "y\c  m  ai'* 

1-800-325-7472    (outside  Missouri) 

1-800-392-7318     (in  Missouri) 
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